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Abstract 
Current four stroke engine research objectives focus on increasing part load thermal ef-
ficiency while reducing exhaust emissions. Methods currently employed to achieve this 
are homogeneous charge lean burn technology, st.rat.ified charge lean burn technology 
and the use of alternative fuels. Of all possible alt.ernat.ive fuels hydrogen is viewed by 
many as being, ult.imately, the fuel of the future. Met.hanol is regarded as being a likely 
transitional fuel between the current petroleum transport fuels and hydrogen. Hydrogen 
is known to be effective in extending the operating lean limit of an engine when used in 
small amounts in conjunction with convent.ional fuels. 
This thesis presents the results of an investigation int.o t.he use of hydrogen as a sup-
plementary fuel in a methanol fuelled Ricardo E6 engine. Three methods of introducing 
supplementary hydrogen into the engine were investigated: U ntimed manifold injection, 
early direct injection and injection through a modified spark-plug. 
Suitable injection systems were designed and tested on t.he Ricardo E6 engine. An 
engine management system, data acquisition system and post processing software were 
developed t.o enable data to be acquired and analyzed. The direct injection systems were 
the subject. of schlieren visualization investigations of injected gas distribution to im-
prove performance and elucidate engine related phenomena. Result.s det.ailing the effects 
of hydrogen supplementation on the engine performance, combustion and exhaust gas 
emissions are presented and discussed. 
The early direct injection of hydrogen t.hrough a dedicated cylinder head tapping 
proved to be the least effective method of introducing supplementary hydrogen in the 
Ricardo E6 engine. The position of the injector diametrically opposite the spark-plug 
coupled with low levels of bulk mixture motion in the cylinder resulted in the formation 
of an inversely stratified charge (lean near spark-plug) even when injection commenced 
very early in the compression stroke. The inversely stratified charge resulted in a given 
level of hydrogen supplementation not being as effective as was the case in the other two 
fuelling systems. 
vi ABSTRACT 
The homogeneous air/fuel mixture formed by the untimed manifold injection of hy-
drogen was found to have a beneficial effect on both the combustion and emissions of the 
engine especially in lean air/fuel mixtures. Introducing supplementary hydrogen into the 
inlet manifold of the engine was however found to reduce the volumetric efficiency of the 
engine, reducing the level of output power produced by the engine. 
Injecting hydrogen through a modified spark-plug was found to be the most effective 
way of introducing supplementary hydrogen. The improved performance of the modified 
spark-plug system over the other two systems was found to be due to the presence of 
a localized hydrogen/air mixture at the spark-plug electrodes at the time of ignition. 
Extension of the lean limit past that possible with methanol alone was demonstrated 
whilst maintaining both a high thermal efficiency and low indicated specific unburned 
hydrocarbon emissions. 
Direct injection of supplementary hydrogen into the combustion chamber, either 
with the aim of forming a homogeneous charge, or forming a richer air/fuel mixture in 
the vicinity of the spark-plug without the use of a pre-chamber, has not been reported 
previously in the published literature. The investigation of both of these fuelling methods 
is presented in this thesis and constitutes an original contribution to the field of engine 
research. 
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Chapter 1 
Introduction 
This chapter introduces firstly the concept of hydrogen as the energy carrier of the 
future then secondly the envisaged role of methanol as the transitional fuel between our 
current petroleum based transportation fuels and a possible hydrogen economyl. The 
concept of methanol being an effective hydrogen storage medium is introduced and the 
current state of the requisite technology outlined. Methanol production and the extent of 
previous research involving methanol as a fuel in New Zealand is reviewed. The goals of 
improved part load efficiency, reduced exhaust emissions and reduced cyclic variability in 
automotive four stroke engines are identified and the research goals of the thesis defined. 
Finally the structure of the thesis is presented. 
1.1 Hydrogen as an Energy Carrier 
It is widely believed that hydrogen will ultimately be the renewable energy vector of the 
future [DeLuchi 1989]2 , [Jamal and Wysznski 1994] , [Scott 1994]. The reasons for this 
are threefold: 
1. Hydrogen is environmentally friendly. When burnt in air the only potential pollu-
tants are oxides of nitrogen (NO:r ) and hydrogen peroxide (H202)' vVhen utilized 
in a fuel cell, the only by-product is water. 
2. Hydrogen can be produced from water and any primary energy source (ie hy-
drogen can be manufactured from renewable energy sources such as solar, wind, 
hydro-electric, ocean currents/waves). Hydrogen is potentially a sustainable form 
of energy. 
3. Hydrogen can be used to store and transport energy. Hydrogen is thus well suited 
for use with many of the renewable energy sources whose availability is often hard 
to match with demand. 
I The term Hydrogen Economy is a phrase adopted to describe a future where hydrogen is the accepted 
means of storing and transporting energy 
2Name and year entries denote references, details of which may be found at the end of t.he thesis 
starting on page 251 
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The storage and reticulation of hydrogen for use in stationary applications such as 
homes and industry is technically feasible with the use of gas pipelines and high pressure 
gas storage tanks. For mobile applications however, space and/or weight constraints are 
providing challenges for engineers to overcome. 
Hydrogen, with it's low ignition energy and extreme lean limit of flammability, when 
utilized in an internal combustion engine via the inlet manifold (known as external mix-
ture formation) can result in pre-ignition and possible backfire into the inlet manifold 
when using richer air/fuel mixtures [Das 1990]. One possible method of overcoming this 
undesirable effect is by injecting hydrogen directly into the combustion chamber during 
the compression stroke [Homan et al. 1983]. 
The technology required to utilize hydrogen to power automobiles via either the in-
ternal combustion engine or hydrogen fuel cells has been successfully demonstrated by 
most of the major car manufacturers such as BMW, Daimler Benz, Ford, General Motors 
and Toyota [Nowell 1999]. 
Before the use of hydrogen as an energy vector in the automotive sector becomes 
widespread, however, significant advances need to be made on a number of fronts [Peschka 
and Escher 1993] , [Lipman and DeLucchi 1996]. Firstly, hydrogen is a costly alternative 
compared with conventional petroleum fuels. In order for the use of hydrogen to become 
a commercial reality it must become an economic alternative via either a reduction in 
the manufacturing costs and/or recognition of it's environmental benefits through taxes 
and levies applied by central government. Secondly, as virtually all the world's current 
production of hydrogen is from natural gas, hydrogen at present is a non-renewable form 
of energy. Thirdly, there is no significant infrastructure in place for the distribution, 
storage and dispensing of hydrogen either in gaseous or cryogenic liquid form. Fourthly, 
current on-board hydrogen storage techniques (via a compressed gas, a cryogenic liquid or 
a metal hydride) are currently either heavier and/ or bulkier than conventional petroleum 
methods. 
Thus an automotive system capable of storing an equivalent amount of hydrogen 
energy on-board with a similar weight and volume to that of conventional petroleum 
based fuels is desirable if hydrogen is to become a viable automotive fuel. 
Such a system has yet to be satisfactorily developed. In the intervening transition 
period hydrogen could be generated by an on-board hydrogen generator from liquid fuels 
such as alcohols. Suitable storage technology when available would replace the on-board 
hydrogen generator [Houseman and Voecks 1980]. 
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1.2 Methanol as a Transitional Fuel 
Methanol is widely regarded, out of all the other possible alternatives, as the most likely 
transitional fuel between our current petroleum based transportation fuels and the use 
of hydrogen as a transportation energy vector [Nichols 1994]. The reasons for this are: 
[Bernhardt 1977] , [Houseman and Voecks 1980] , [Sinor 1996]. 
1. Methanol is a liquid at ambient temperature. It can therefore be stored and dis-
tributed in the conventional manner through the present liquid fuel infrastructure. 
2. Methanol can be manufactured from renewable resources (although currently vir-
tually all methanol is produced from non-renewable natural gas). 
3. Methanol has a high octane number (c.f. gasoline) and offers the potential for 
improved thermal efficiencies using purpose designed engines. 
4. Methanol exhibits good flammability under lean mixture operation and hence im-
proved engine efficiencies and emissions (c.f. gasoline). 
5. Lower boil off rates (c.f. gasoline). 
6. Methanol is biodegradeable. 
7. Methanol can be considered to be a chemical hydrogen storage medium (see page 
4). 
The use of methanol as an automotive fuel creates an opportunity to operate engines 
at higher power outputs (c.f. gasoline) due to the use of higher compression ratios to 
take advantage of the higher octane number and increased evaporative cooling of the 
charge. The higher power output can be used to create higher torque from the same 
displacement (performance enhancement) or can be used to create the same torque using 
a smaller displacement ( therefore lighter) engine (with resulting vehicle fuel efficiency 
enhancement) [Huff and Hodgson 1993]. The use of higher compression ratios, along 
with methanol's improved lean burn characteristics, provides the potential to improve 
the thermal efficiency of the engine, and in the case of lean burn operation, reduce engine 
emissions also [Bernhardt 1977] , [Huff and Hodgson 1993]. 
1.3 The Use of Hydrogen as a Supplementary Fuel 
The superior combustion and emissions characteristics of hydrogen have been recognized 
for many years [Lipman and DeLucchi 1996]. In addition to a strong research effort 
focused on the development of dedicated hydrogen fuelled engines, there has been an 
equally large effort focused on research into ways to use hydrogen to improve the per-
formance of conventionally fuelled engines [Pettersson and Sjostrom 1991a] , [Jamal and 
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vVysznski 1994] Much of the earlier research was conducted with gasoline as the primary 
fuel as at that point in time there were not the same fears about the supply of gasoline 
running out and alternative fuels were not being examined with the same vigor as they 
are today. Later, after the oil shocks of the seventies, and with growing concerns about 
the long term supply prospects of petroleum based fuels, methanol began to be used as 
the primary fuel in hydrogen enhanced combustion research. 
The earliest interest in the use of hydrogen to enhance combustion focused on hy-
drogen's ability to extend the lean limit of combustion in an engine, thereby creat.ing the 
opport.unit.y t.o operate at air/fuel ratios significantly leaner than that of conventionally 
fuelled gasoline engines [Houseman and Hoehn 1974]. It was found that only small quan-
tities of hydrogen were required to dramatically increase the resultant mixture's flame 
speed allowing a corresponding extension of the engine's lean limit of combustion. It is 
this extension of the lean limit of combustion that provides the basis for improvements 
in part load fuel economy (bsfc) and engine emissions, especially those of NO x . The high 
flame speed of hydrogen, and it's wide flammability limits, also allow an engine to be op-
erated over a wide range of air/fuel ratios without requiring inlet air throttling reducing 
the volumetric efficiency and pumping losses further enhancing part load fuel economy 
[Houseman and Voecks 1980] , [Sjostrom et al. 1981] , [Jamal and Wysznski 1994]. 
In order to use hydrogen for combustion enhancement there must be a supply of 
hydrogen available at the engine. The storage of two different fuels on-board a vehicle is 
not desirable for two reasons: Firstly, physically this would require two separate sets of 
storage, fuel lines and fuel metering arrangements. Secondly, it would require, on the part 
of the driver of the vehicle, two separate fuelling operations. The likely adverse consumer 
reaction to this would spell the end of such a system before it became a commercial reality. 
There are two possible solutions to this problem. The first is to reduce the amount 
of hydrogen required to be stored to an amount that will allow an extended t.ime between 
refuelling (eg 10000 km) with an acceptably small storage device (eg < 20 L) as proposed 
by Lumsden [1995] is his work on the HAJI system (see page 24). The second possibility 
is to refuel and store only one fuel and form the second fuel from the first on-board the 
vehicle. 
1.4 Methanol as a Hydrogen Storage Medium 
Methanol can be considered to be a chemical hydrogen storage medium. Methanol has a 
hydrogen to carbon ratio of 4:1 compared with 1.77:1 for gasoline. vVhen viewed in this 
manner, methanol is in fact t.he most efficient hydrogen carrier currently available. In 
such a system, hydrogen is stored as a constituent element in liquid methanol which is 
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distributed, stored and dispensed in a conventional manner [Houseman and Voecks 1980] 
, [Sjostrom et al. 1981.] , [Seifritz 1989] , [Hirota et al. 1991] , [Jones and Wyszynski 1993b] 
, [Jamal and Wyslmski 1994] , [Nowell 1999]. 
Methanol offers the following advantages as a chemical hydrogen storage medium. 
l. Contains no carbon-carbon bonds which are hard to break and result in undesirable 
byproducts. 
2. Has a very high hydrogen to carbon ratio giving it a high energy density (l.8 times 
higher than cryogenic liquid H2). 
3. Is a liquid at ambient conditions allowing ease of handling. 
Utilizing methanol as a hydrogen storage medium requires a method of releasing the 
hydrogen molecules from the parent methanol molecule on-board the vehicle. 
1.5 Production of Hydrogen from Methanol 
Techniques and equipment for reforming liquid methanol into a hydrogen rich gas for au-
tomotive use have been investigated for a number of years [Sjostrom et al. 1981] , [Konig 
et al. 1985] , [Jones and Wyszynski 1990] , [Pettersson and Sjostrom 1991b] , [Jones and 
Wyszynski 1993a] , [Jones and Wyszynski 1993b] , [Wyszynski and Wagner 1995] , [Cohn 
et al. 1996]. 
The early use for the reformed gas was in internal combustion engines as outlined 
on page 3. However the development of the hydrogen fuel cell in the eighties by NASA 
for use in it's space exploration program provided a glimpse at the possible automotive 
power source of the future. Hydrogen fuel cells have the ability to convert the chemical 
energy of the fuel source into useful work with a higher efficiency than is conventionally 
attainable by the internal combustion engine. Internal combustion engines typically have 
a thermal efficiency of approximately 19% compared to the approximately 38% that is 
possible from a hydrogen fuel cell [Nowell 1999]. The problems of hydrogen storage on-
board a vehicle, discussed on page 1, however, are still present and for this reason the 
focus of methanol reforming shifted from providing a hydrogen rich gas to power internal 
combustion engines to powering hydrogen fuel cells. Many of the major car manufactur-
ers (Daimler-Benz/Ford, Toyota, General Motors, Volkswagen) are directly involved with 
hydrogen fuel cell vehicle development programs utilizing methanol as the fuel. Steam 
reforming has been adopted as the preferred method to produce hydrogen from methanol 
[Nowell 1999]. 
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Thus the technology to manufacture the required hydrogen rich gas on-board a ve o 
hicle is well established and has reached the pre-production/demonstration stage for use 
in conjunction with methanol fuel cell vehicles. 
1.6 Methanol Production in New Zealand 
New Zealand is fortunate to have at its disposal significant energy resources (condensate, 
natural gas, coal, peat and forest biomass). In response to the large increase in inter-
national oil prices following the 1973 Arab-Israeli war (the so called energy crisis), the 
government of the time passed the Liquid Fuels Trust Act in 1978 and formed the Liquid 
Fuels Trust Board (LFTB). The LFTB was charged with the overall aim of reducing 
the use of imported fuels for transport fuels in New Zealand. It was funded by a 0.1 
cent per liter levy on motor spirits and automotive diesel [Cole et al. 1986] , [Ministry of 
Commerce 19901. 
The LFTB was instrumental in the decision being made to build two methanol pro-
duction plants, Motonui and Waitara, in Taranaki to utilize New Zealand's largest natural 
gas resources, the Maui and Kapuni fields. The Motonui plant was originally built to 
convert natural gas to gasoline with crude methanol being an intermediate step in the 
process. The later addition of two distillation units gave the flexibility of being able to 
manufacture either 720 000 tonnes of gasoline or 1.8 million tonnes of chemical grade 
methanol per year. The vVaitara plant is a stand alone methanol production facility 
with a capacity of 530 000 tonncs per year of chemical grade methanol. The two plants 
are linked by a pipeline to enable crude methanol from Motonui to be distilled at Waitara. 
New Zealand therefore has the capability in place to manufacture up to 2.33 million 
tonnes (45.9 P J) of methanol per year. In 1992, New Zealand's transportation fleet 
consumed 131.0 PJ of energy [CAE 19961. Thus without any further investment in 
plant, there is the potential to supply ::::::35% of our transport energy requirements with 
methanol3 . New Zealand is therefore well placed to utilize methanol in it's transportation 
fleet. 
107 Background to this Investigation 
Internal combustion engine research is focused primarily on engines utilizing the two ma-
jor combustion ignition systems in use, spark ignition and compression ignition. Due to 
the very different natures of each of these systems, the focus of this work will be limited 
3This figure does not t.ake int.o account. the possible gains in efficiency possible with the use of methanol 
as a fuel 
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to spark ignition engines only. 
Current research into four stroke internal combustion engines for automotive appli-
cations is taking place on several fronts [Heywood 1991] , [Heywood 1997]. 
l. Improving part load engine efficiency. Although 4 stroke engines are at their most 
efficient at full load, automotive 4 stroke engines are only operated there for a small 
proportion of their operating cycle. 
2. Reducing exhaust emissions in response to a worldwide increase in awareness of the 
harmful effects that automobile emissions are having on both the environment and 
the health of humans, especially in the more densely populated urban areas. 
3. Utilizing alternative fuels that are able to be manufactured from renewable re-
sources thus taking the pressure off non-renewable petroleum feedstocks. 
4. Reducing cyclic variability thus leading simultaneously to extension of the lean limit 
of combustion, possible increases in compression ratio, and more optimized spark 
timings which all lead to improved efficiency and maximum power with reduced 
emissions. 
The partial addition of hydrogen to conventionally fuelled engines has been observed 
by previous researchers to have led to improvements in all the areas listed above [House-
man and Hoehn 1974], [MacDonald 1976], [Finegold 1978], [Rauckis and McLean 1979] 
, [Jamal and Wysznski 1994] , [Apostolescu and Chirac 1996]. In addition methanol / 
hydrogen mixtures have very wide flammability limits. This enables power regulation to 
be achieved by varying mixture strength rather that by throttling the mixture. This leads 
to further efficiency gains at the part load condition by improving volumetric efficiencies 
through the elimination of pumping losses due to throttling. 
Full advantage cannot be taken of the improvements in efficiency and exhaust gas 
emissions that can theoretically be obtained in a lean burn homogeneous charge engine 
due to practical constraints such as poor ignitability, slow burning, misfire and increased 
cyclic variation. These effects are a consequence of operating an engine with very lean 
mixtures and result in poorer fuel economy and higher exhaust emissions. 
The concept of stratified combustion has been proposed as a way of taking full 
advantage of the potential benefits of lean burn technology not able to be realized by 
conventional homogeneous charge lean burn combustion systems. As the name implies, 
the stratified charge engine operates by burning a stratified charge which varies from 
being most commonly stoichiometric or rich of stoichiometric near the ignition source to 
lean in the rest of the combustion chamber. Thus when the spark is fired, the more easily 
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to ignite richer mixturc is ignited instead of the lean mixture which would be either hard 
or impossible to ignite on its own. The improved ignitability and faster propagation of 
the rich burning flame kernel into the lean portion of the charge both help to increase 
the combustion rate of the charge as a whole reducing cyclic variations. The increased 
rate of combustion also helps reduce the tendency of lean burn engines to produce high 
levels of CO and UHC due to insufficient time for post flame front oxidization reactions to 
occur. NO x emissions are still lower than a conventional engine as the combustion occurs 
in either a locally fuel rich or fuel lean environment, both conditions that do not favor 
the formation of NO.T • Combustion of the leaner mixture, (with subsequent lower flame 
temperatures), near the combustion chamber walls, results in low heat transfer and there-
fore high thermal efficiencies as is also the case in homogeneous charge lean burn engines. 
There are two main methods by which a stratified charge can be created in an en-
gine. The first involves the fuel being injected directly into the combustion chamber and 
relying on the induced inlet air swirl to form a rich air/fuel mixture at the spark plug 
at the time of ignition. These open chamber designs require the fuel injection timing to 
be varied with speed and load [Hasalett et al. 1976]. The second involves the use of a 
pre-chamber which is connected to the main chamber by either a single [Date et al. 1974] 
or multiple passages [Yagi et al. 19S0] , [Lawrence 1999]. These divided chamber designs 
are mechanically more complex often requiring additional fuel mixing and induction sys-
tems and are consequently more expensive to manufacture. 
Previous work in the Department of Mechanical Engineering at the University of 
Canterbury has focused on investigating charge stratification using a low pressure di-
rect injection of gaseous fuel through a specially modified spark-plug. Work has been 
conducted both on a constant volume combustion chamber and a Ricardo E6 test engine. 
Damiano [1993] investigated the stratification of a quiescent methane/oxygen mix-
ture in a constant volume combustion chamber with premixed methane/oxygen. Robin-
son [1995] studied the formation of nitrogen oxides in homogeneous and heterogeneous 
mixtures of hydrogen and air. Roache [1998] also investigated the formation of NO in 
homogeneous and heterogeneous mixtures of hydrogen and air. Roache also investigated 
the effect of hydrogen enrichment on methane/air mixtures in both homogeneous and 
heterogeneous (stratified) charges. All three investigators found that charge stratifica-
tion resulted in the equipment lean limit of flammability being extended. In addition 
Roache [1998] found that charge stratification of hydrogen could be used to achieve sim-
ilar increases in combustion rate while using up to 10 times less hydrogen as in the 
homogeneous charge case. Charge stratification was also found to reduce the formation 
of NO in hydrogen/air mixtures over that which is formed by an equivalent homogeneous 
mixture. 
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Zavier [1991] investigated the effects of stratifying pre-mixed charges of methane and 
gasoline with methane from a modified spark-plug arrangement in a Ricardo E6 test en-
gine. The equipment lean limit of combustion was able to be extended however UHC 
emissions were higher. This was thought to be due to the injected methane gas being 
burnt near it's rich flammability limit and/or increased quenching of the combustion in 
the larger dead volume of the arrangement. Calvert [1994] also worked with a Ricardo E6 
engine using methane as the fuel. Calvert however utilized a pre-chamber design to try 
to control the flow field in the vicinity of the spark plug. Again the equipment lean limit 
of combustion was able to be extended. UHC levels were also reduced compared to those 
of Zavier due to reduced quench volumes and better control over the air/fuel mixture 
at the point of ignition. UHC levels were still greater than those obtained with baseline 
engine operation with methane, believed to be due to the increased crevice volumes over 
the baseline engine configuration. 
It is therefore anticipated that the stratification of a methanol fuelled engine with 
hydrogen should result in increased rates of combustion, and reduced NO,z: emissions, 
when compared to a similar homogeneous mixture of methanol and hydrogen of equivalent 
overall air/fuel ratio. 
1.8 Research Objectives 
The objectives of this research were threefold: 
ID to develop an engine data acquisition and post-processing system capable of provid-
ing accurate cylinder pressure, IMEP values, and mass fraction burned combustion 
data, and 
ID develop a hydrogen injection system capable of direct hydrogen injection with fine 
control of the injection quantities, and 
• by means of engine testing investigate different methods of supplying supplemen-
tary hydrogen to the engine. By evaluation of the resulting combustion charac-
teristics, emissions and performance identity the preferred system for introducing 
supplementary hydrogen 
1.9 Outline of Thesis 
This thesis presents the results of an investigation carried out into the effect that hydro-
gen has in enhancing the combustion of methanol in a four stroke research engine. This 
work was carried out in the Department of Mechanical Engineering at the University of 
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Canterbury. 
This chapter introduces first the concept of hydrogen as the energy carrier of the 
future, then the envisaged role of methanol as the transitional fuel between our cur-
rent petroleum based automotive system and a "hydrogen economy". The concept of 
methanol being an effective hydrogen storage medium is introduced and the current 
state of the requisite technology outlined. Methanol production, and the extent of pre-
vious research involving methanol as a fuel in New Zealand, is reviewed. The goals of 
improved part load efficiency, reduced exhaust emissions, and reduced cyclic variability in 
automotive four stroke engines are identified and the research goals of the thesis defined. 
Chapter 2 reviews research that has been conducted into the use of hydrogen sup-
plementation to enhance the performance of internal combustion engines. 
Chapter 3 presents the development details of the three proposed hydrogen injection 
systems. The selection of the chosen hydrogen injector is discussed along with the as-
sociated mounting arrangements that are required. Results of preliminary injector open 
flow testing to determine the relationship between supply pressure, injector current and 
flow rate are presented. Results of dynamic injector testing are also presented. 
Chapter 4 introduces schlieren optical methods and their principle of operation be-
fore describing the apparatus used and the test procedure. The performance of both 
the direct and puff injection injector configurations described in Chapter 3 are further 
improved through the use of schlieren photography to visualize the resulting injected gas 
distribution. 
Chapter 5 details the development of an engine data acquisition system incorpo-
rating an optical rotary encoder. The hardware required to ensure the correct phasing 
between the acquired engine pressure data and crank-angle position is described. Details 
of the software written to acquire and post process the engine combustion data are then 
outlined. The novel method employed to accurately determine the location of the rotary 
encoder index pulse is presented before an analysis of the performance of the data acqui-
sition system as a whole. 
Chapter 6 describes the test apparatus which was used for the duration of the engine 
testing. Modifications made to the standard Ricardo E6 engine are presented. The de-
velopment of the engine management system is described. The fuel injection and supply 
systems are then outlined and the test cell safety system and instrumentation is described. 
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Chapter 7 builds upon the description of the experimental apparatus described in 
Chapter 6. Details of fuel preparation, engine testing philosophy and spark timings used 
are presented. A description of the exhaust emission testing equipment and procedures 
used therewith follows. The procedures developed for the calibration of the piezo-electric 
pressure transducer, electronic data acquisition, and engine operation and testing are 
then presented. 
Chapter 8 presents the results and discussion of the investigation into the simplest 
of the three methods being investigated, hydrogen supplementation via untimed mani-
fold injection. First the engine configuration and the relevant operating parameters are 
discussed, then the effects on the fluid properties are looked at before the effects on the 
combustion characteristics, engine performance and emissions are presented. 
In Chapter 9 the results of an investigation into the early direct injection of hydro-
gen into the combustion chamber will be presented. Preliminary investigations into early 
direct injection, early direct injection timing and lean air/fuel mixtures are discussed. 
A schlieren investigation looking at the injected hydrogen distribution of both the early 
direct injector and the modified spark-plug injector is outlined. A set of engine test 
results comparing the three methods of supplying supplementary hydrogen to an engine 
including the effects on the combustion characteristics, engine performance and emissions 
are presented and discussed. The results of an investigation into the effects of injection 
duration on the performance of the modified spark-plug injector is then presented. 
Chapter 10 outlines the optimum method of fuelling an engine on supplementary 
hydrogen via early direct injection through a modified spark-plug injector as determined 
in the Chapter 9. The results of a series of tests comparing the baseline engine operation 
with the optimum fuelling system is then presented. A possible vehicular engine fuelling 
regime is then discussed. 
In Chapter 11 the key achievements of the thesis are summarized. Conclusions are 
drawn on the performance of each of the hydrogen injection systems employed. The 
optimal hydrogen supplementation system for the Ricardo E6 engine is presented along 
with a suggested fuel management scenario for the engine. Recommendations for further 
work that could be undertaken as a result of this research project are then presented. 

Chapter 2 
Hydrogen Enhanced Combustion Research 
This chapter reviews research that has been conducted into the use of hydrogen supple-
mentation to enhance the performance of internal combustion engines. 
2.1 Introduction 
The earliest interest in hydrogen enhanced combustion focused on hydrogen's ability to 
extend the lean limit of combustion in an engine beyond that which can be utilized in 
a conventionally fuelled automotive gasoline engine [Houseman and Hoehn 1974] , [Mac-
Donald 1976] , [Finegold 1978] , [Jordan 1979] , [Rauckis and McLean 1979] , [Brinkman 
and Stebar 1985] , [Jamal and Wysznski 1994] , [Apostolescu and Chirac 1996]. In 
these investigations the supplementary hydrogen was introduced to the engine via un-
timed manifold injection. Hydrogen enrichment was also investigated for use with gaso-
line fuelled aircraft to reduce fuel consumption and reduce exhaust pollution [Menard 
et al. 1976]. It was found that only small quantities of hydrogen were required to dra-
matically increase the resultant air/fuel mixture's flame speed allowing a corresponding 
extension of the engine's lean limit of combustion. It is this extension of the lean limit 
of combustion that provided the basis for improvements in fuel economy and engine 
emissions that were of primary interest. 
2.2 Engine Cold Starting 
Another area involving the use of hydrogen in supplementing the operation of an engine 
is in overcoming the inherently poor cold start characteristics of methanol fuelled engines. 
Methanol is a single component fuel with a single boiling point at 65 ac. Gasoline on the 
other hand contains several components that have a range of boiling points from 27 to 225 
ac. vVith a gasoline fuelled engine, cold starting is achieved by over-fuelling (i.e. using 
the choke) in order to provide enough of the vaporized component to start the engine. 
vVith methanol as the fuel this technique is not applicable thus cold starting a methanol 
engine is a major problem. Hydrogen is gaseous at all operating conditions hence the cold 
engine could be started using hydrogen. This would cause no problems with pre-ignition 
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because, initially at. least., the engine is cold so t.here are no hot. surfaces on which hydrogen 
could ignit.e. vVhen using a liquid fuel, a major source of exhaust. emissions is due t.o 
cold-st.art enrichment of t.he air/fuel mixture. This source would be eliminat.ed using 
hydrogen t.o cold start. the engine. The use of hydrogen in the cold starting of engines 
is not the focus of this piece of research and will not be addressed further. Additional 
information can be found by referring t.o Pettersson and Sjostrom [1991a] , Pettersson 
and Sjost.rom [1991b] and Maxwell et al. [1993]. 
2.3 Hythane 
One of the most abundant gaseous alternative fuels that is currently available is natural 
gas (comprised predominantly of methane). The use of methane as a fuel in internal 
combustion engines does however have some inherent problems. Methane-air mixtures 
suffer from low flame propagation rates which become increasingly slower as the air/fuel 
ratio of the mixture moves leaner of the stoichiomet.ric air/fuel ratio [Unich et al. 1993]. 
Thus the lean burn combustion strategies that are commonly employed in convention-
ally fuelled engines in order to achieve higher thermal efficiencies and reduced emissions 
(increased turbulence and/or stratified charge combustion) are unable to be employed 
to the same extent in natural gas fuelled engines. A technique that is commonly used 
to increase the rate of flame propagation in methane/air fuel mixtures is to increase the 
level of turbulence in the combustion chamber with improved intake manifold and com-
bustion chamber design. There are however penalties associated with the use of excessive 
turbulence such as higher heat transfer, higher peak cylinder temperatures and therefore 
higher NO x [Karim et al. 1996]. An~thcr approach to the problem is to add a quantity 
of hydrogen to the methane. The resulting fuel mixture has a much faster burning rate 
than methane alone. Another advantageous property of hydrogen is that it has very wide 
limit.s of flammability which, combined with it's high flame speed, offer the potential of 
operating the engine leaner than is possible with methane alone. 
A commonly used mixture of methane and hydrogen is known as Hythane 1 . Hythane 
comprises of methane with the addition of 15-20% hydrogen by volume. The addition 
of hydrogen occurs before the storage of the fuel mixture and therefore a homogeneous 
gas mixture is formed. Benefits obtained through the use of Hythane reported in the lit-
erature include decreased brake specific unburned hydrocarbons (bsUHC), CO and CO 2 
emissions as well as increased brake thermal efficiencies. The emissions of brake specific 
NO:r are higher than those obtained when burning methane at the same spark timing. 
This increase has been att.ributed to the increased residence time of the combustion gases 
at higher temperatures due to the increase combustion rate of Hythane [vVallace and Cat-
1 Hythane is a registered trademark of Hydrogen Consultants Inc. Mixtures of natural gas and hydrogen 
have become known as Hythane and are commonly referred to as such in the literature. 
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tclan 1994]. 
Hythane is widely regarded as the means by which the widespread use of methane 
will gain acceptance especially given the stringent requirements on both engine efficiency 
and pollutants. This thesis does not focus on the the role of hydrogen in enhancing the 
combustion of methane via Hythane but additional information can be found by referring 
to Swain et al. [1993] , Hoekstra et al. [1994] , Raman et al. [1994] , Hoekstra et al. [1995] 
, Karim et al. [1996] and Sierens and Rosseel [2000]. 
2.4 Dedicated Fuelling via Manifold Injection of Hydrogen 
The most simple method (technically) to introduce hydrogen to an engine, and the one 
which has attracted the most research interest, is that of untimed manifold injection. 
As the name suggests, untimed manifold injection involves the continuous addition, 
to the inlet manifold of an engine, of gaseous hydrogen. The hardware requirements are 
therefore correspondingly very simple - the hydrogen supply requires only an adjustable 
throttling valve in it to vary the flow rate of hydrogen before it is plumbed into the inlet 
manifold. 
While untimed manifold injection provides a technically simple means of fuelling a 
dedicated hydrogen vehicle, this method does have some serious problems associated with 
it especially with near stoichiometric mixtures [Watson and Milkins 1978]. 
1. Low volumetric efficiency (resulting in reduced engine power c.f. gasoline) 
2. Pre-ignition and back-firing into the inlet manifold 
3. Knocking combustion 
These problems can be largely overcome by injecting the hydrogen directly into the 
combustion chamber after the inlet valve has shut (see page 23). 
2.5 Supplementary Fuelling via Manifold Injection of Hydrogen 
The untimed manifold injection of hydrogen, due largely to it's technical simplicity, has 
also been widely used when investigating the supplementation of conventional liquid fu-
els with hydrogen. The potential problems outlined in the previous section are, with 
the exception of reduced volumetric efficiency, generally not encountered with untimed 
manifold hydrogen supplementation due to the typically low levels of supplementation 
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used. 
When applying supplementary fuelling to an engine, the hydrogen is induced into 
the cylinder with the inlet air along with vaporized liquid fuel forming a homogeneous 
charge in the cylinder. 
2.5.1 Combustion Rate 
It has been observed by several researchers that hydrogen addition increases the rate of 
combustion in an engine. 
Rauckis and McLean [1979] investigated the effects of hydrogen addition on the 
combustion of indolene as part of their research into the processes controlling ignition 
and flame propagation in lean mixtures. Hydrogen was used as a supplementary fuel 
because the addition of small amounts would have a large effect on the laminar flame 
speed and ignition delay period. It was thought that small amounts of hydrogen would 
have relatively little effect on the flow processes and turbulence structure in the cylinder. 
They attempted to correlate their experimental results to the following phenomenological 
description of flame propagation in a homogeneous, fully vaporized charge, supporting 
evidence having been provided by Tabaczynski et al. [1977] amongst others . 
. . . the spark discharge is followed by a delay period (not a homogeneov,s au-
toignition delay) during which the flame kemel develops and gmws until it's 
size is of the order of the local turbulent integmllength scale and during which 
the buming mte is largely govemed by laminar flame speed limitations. The 
delay period is followed by a turbulent buming period during which the flame 
speed is accelemted due to the effect of turbulence, and du'ring which increases 
are observed in both the flame speed and the mtio of flame speed to the local 
laminar flame speed. The turbulent buming mte is stmngly influenced by the 
local turbulent intensity during this pe'riod. 
In addition they proposed that the addition of hydrogen would accelerate the early 
stages of combustion due to the rapid chain branching oxidation characteristic of hydro-
gen which is known to be faster than the partially degenerate chain reactions that are 
characteristic of hydrocarbon oxidation. It was found that the combustion duration of 
all three nominated phases of combustion (0-2% mfb, 2-10% mfb and 10-90% mfb du-
rations2 ) were reduced with the most significant effect being on the 0-2% mfb duration. 
2 The preceding terms refer to various phases of the combustion process as determined by a mass 
fraction burned analysis performed on the combustion pressure data. Details of the mass fraction burned 
analysis is presented on page 79 
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Rauckis and McLean [1979] concluded that the combustion process consists of an igni-
tion delay period dominated by chemical dynamic eHects and a main combustion period 
which is dominated by turbulent transportation phenomenon. 
Decreasing combustion durations in gasoline fuelled engines at a given air/fuel ratio 
with increasing hydrogen supplementation have also been reported by Jordan [1979]. 
Schafer [1981] in his investigation into hydrogen supplementation of a methanol fu-
elled engine also found that all phases of combustion duration were reduced at a given 
air/fuel ratio as the level of hydrogen supplementation was increased. Schafer failed to 
oHer any explanation for his observations. 
Annand [1983] compared several models for the ignition delay period in a spark ig-
nited homogeneous charge engine using propane and iso-octane as the fuels of interest. 
He concluded that the" eddy burning" model of ignition delay proposed by Tabaczynski 
et al. [1980], which takes into account the laminar flame speed of the mixture, gave quite 
good correlations with observed ignition delay periods. 
Sher and Hacohen [1989] conducted an investigation into the effects of hydrogen 
enrichment on both the ignition delay and the combustion duration of a gasoline fuelled 
SI engine. Experimental results from Rauckis and McLean [1979] as well as their own 
were correlated with an earlier" eddy burning" descriptive model of flame propagation by 
Tabaczynski et al. [1977]. There was good correlation of combustion duration with the 
eddy burning model but the model underestimated the pronounced effect that hydrogen 
supplementation had on reducing the ignition delay duration. As the eddy burning model 
takes into account laminar flame speed effects, Sher and Hacohen concluded that: 
... the time required to establish a self-sustaining combustion wave is strongly 
dependent not only on the hydrodynamic processes, bv,t also on the rapid dis-
sociation of the hydrogen molecules into highly active radicals (in particular in 
the spark neighborhood). The chemistry in this region undoubtedly enhances 
the ignition process, but does not affect the laminar bv:rning velocity of the 
v,nbv,med charge as measured under steady-state conditions. The efj'ect of 
added hydrogen would therefore be to accelerate the very early stages of the 
ignition process by rapid chain branching oxidation which greatly stimulates 
the otherwise slow thermal ignition process. 
Interestingly in an earlier investigation by Sher and Hacohen [Sher and Hacohen 1987] 
in which a model was developed to simulate the four-stroke cycle of an SI engine fuelled 
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with hydrogen enriched gasoline, the model predicted overall combustion durations to de-
crease with increasing hydrogen supplementat.ion and as t.he overall air/fuel rat.io became 
richer. The plot.s of combustion durat.ion however differed from all other plot.s presented 
in that. t.hey did not. include experiment.al values for comparison wit.h t.he predict.ed re-
sults. In addition t.he effect. of hydrogen supplement.ation on the ignit.ion delay durat.ion 
was not ment.ioned at. any point. in t.he paper. 
Apostolescu and Chirac [1996] in their invest.igat.ion int.o t.he combust.ion of hydrogen 
enriched gasoline plotted t.he results of Sher and Hacohen [1989] along with t.heir own and 
came t.o t.he same conclusions as Sher and Hacohen t.hat. hydrogen supplement. at. ion had a 
pronounced effect. on t.he early st.ages of flame development. They also t.ried t.o correlat.e 
t.he combust.ion durat.ions with t.he laminar burning velocit.y using t.he eddy t.urbulent. en-
t.rainment. model of t.urbulent. combustion in a pre-mixed spark ignit.ion engine report.ed 
by Hires et al. [1978] The correlat.ion wit.h t.he experiment.al results was found t.o be poor 
which again highlight.s the inadequacy of t.he eddy t.urbulent ent.rainment model when 
applied t.o situat.ions where hydrogen is used as a supplementary fuel. 
Thomas et al. [1993] have proposed a different. mechanism for t.he observed increase 
in t.he rat.e of combustion wit.h hydrogen supplement.at.ion, In t.heir invest.igat.ion int.o t.he 
early phase of flame development. of hexane, t.hey used high speed elect.ronically derived 
images oft.he chemi-Iuminescent. light. result.ing from combustion to derive information 
on early flame kernel behavior. Hydrogen supplement.at.ion was used t.o vary t.he com-
bust.ion dynamics of t.he flame kernel behavior. They concluded t.hat. t.he hydrogen flame 
front., wit.h it.'s high flame speed and wide combust.ion limit.s, would have quickly t.rav-
elled across t.he combust.ion chamber and seeded hydrocarbon combust.ion in more t.han 
one place resulting in t.he observed reduction in cyclic variat.ions. This conclusion was 
reached from chemi-Iuminescent. images of t.he combust.ion process however it. was not.ed 
t.hat. t.he chemi-Iuminescent. frequency of hydrogen is out.side t.he range of t.he camera used 
so the act.ual hydrogen flame was not. observed, only t.he resultant hexane combust.ion. 
Rauckis and McLean [1979] also observed that. t.he effect.s of hydrogen addit.ion on t.he 
combust.ion duration were also more pronounced in lean mixt.ures due t.o t.he accelerat.ion 
of t.he normally slower t.hermal ignit.ion reactions in lean charges. Schafer [1981] also 
demonst.rat.ed that. t.he effect.s of hydrogen addit.ion were more pronounced in leaner 
mixt.ures. Sher and Hacohen [1989] however disput.ed t.his finding claiming t.hat. t.heir 
st.udy showed no evidence of t.his. 
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2.5.2 Cyclic Variability 
Variations in combustion, cycle-to-cycle, are always present in both spark-ignition and 
compression ignition engines. The effects of increased cyclic variability on the perfor-
mance of an engine range from increased emissions, reduced efficiency and power and, in 
the case of an automotive engine, a deterioration ill vehicle drivability. A summary of 
the effects of cycle-by-cycle variations (CCV) in combustion can be seen in Figure 2.1. 
The causes of cyclic variability can be divided into chemical and physical factors 
[Young 1981]. 
Chemical factors affecting cyclic variability are: 
1. Air/fuel ratio. Minimum cyclic variations are known to occur at slightly rich 
air/fuel ratios and increase as the air/fuel ratio becomes richer or leaner. 
2. Dilution. Increased dilut.ion of the air/fuel mixture increases cyclic variability. 
3. Flame speed. Fuels with higher flame speeds give lower levels of cyclic variability. 
Physical factors affecting cyclic variability are: 
1. Pressure variations. Increasing cyclic pressure variations lead to increased com-
bustion variability. Minimum cyclic variability is known to occur near MBT spark 
t.iming. 
2. Mixture motion. Increasing mixture mot.ion is t.hought to increase combustion 
variability. 
3. Combustion chamber geometry. Geometries which result in faster combustion also 
result in reduced cyclic variability. 
4. Engine speed. Increases in engine speed increase cyclic variability possibly due to 
increases in mixt.ure motion variability. 
For the same average value of IMEP, higher COY [MEP have been shown to increase 
NO x production compared with lower level of COy [MEP [Atkinson et ai. 1995]. The in-
crease in NO x production from the faster burning cycles more than offsets t.he reductions 
in NO x production from the slower burning cycles. 
Hydrogen supplementation has also been widely recognized as having the effect of 
reducing the CCV of combustion in engines. Rauckis and McLean [1979] have shown 
that the addition of hydrogen has a large effect on the CCV of lean mixtures but at 
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Figure 2.1 Effect of Cycle-by-Cycle Variations in Combustion on Engine Performance (after: Ozdor 
et ai. 1996) 
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near stoichiometric conditions the effects are negligible. They concluded that CCV must 
involve both chemical and physical phenomena with chemical phenomena dominating 
in lean mixtures and physical phenomena dominating in near stoichiometric conditions. 
Apostolescu and Chimc [1996] also reported reduced CCV with increasing levels of hy-
drogen supplementation. They found that the influence of hydrogen supplementation on 
CCV can be correlated with it's influence on the flame initiation stage. 
The subject of cyclic variability in combustion is an important one and there has 
been a large quantity of research carried out on it. There have been several excellent 
review papers published on the subject and they may be referred to for a more in-depth 
treatment of the topic e.g. [Young 1981] ,[Germane et al. 1983] ,[Ozdor et al. 1994]. 
2.5.3 Brake Power 
The introduGtion of hydrogen to the inlet manifold of an engine causes the power output 
of the engine to be reduced. This is because an increasingly large proportion of the 
inlet manifold is occupied by hydrogen displacing inlet air and having a corresponding 
detrimental effect of the volumetric efficiency of the engine hence reducing power output 
[Sher and Hacohen 1987]. 
2.5.4 Thermal Efficiency 
Rauckis and McLean [1979] noted that the observed improvements in thermal efficiency 
for very lean mixtures can be attributed to reduced combustion durations resulting from 
hydrogen addition. Apostolescu and Chirac [19913] also observed improved thermal effi-
ciencies with increasing hydrogen supplementation. They attributed this to the air/fuel 
mixture being more diluted with air resulting in the polytropic index (nc) of compres-
sion being closer to that of air (nc = 1.4) as well as reduced time based heat transfer 
effects due to the shortening of the combustion duration. Swain et oJ [1993] found that 
thermal efficiency was improved in a natural gas engine supplemented with hydrogen 
particularly at lean relative air/fuel ratios (/\) where the decreased combustion durations 
result in reduced heat transfer to the coolant water. Schafer in his investigation found 
that the addition of hydrogen at brake mean effective pressures (BMEP) less than 5 bar 
resulted in an improved effective efficiency. However at BMEP's over 5 bar the effect 
of added hydrogen had a negative effect on the effective efficiency. The reasons given 
for the improvement at part loads is that at part load the engine is able to be operated 
without throttle when supplemented with hydrogen and the lean air/fuel mixtures are 
thermodynamically more favorable. 
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2.5.5 Exhaust Gas Emissions 
Apostolescu and Chimc [1996] observed increases in the specific NO:" emissions with hy-
drogen supplementation at a particular value of A. This increase was thought to result 
from the faster burning mixtures and resultant higher peak temperatures due to hydrogen 
addition. Increasing bsNO:r with hydrogen supplementation has been reported by Swain 
et al. [1993] in a natural gas engine for lean mixtures. Interestingly their results showed 
that for rich mixtures, bsNOx was slightly less with hydrogen supplementation but cer-
tainly the effect of hydrogen supplementation on bsNO x is slight for richer mixtures 
and quite pronounced fOI' lean mixtures. Schafer also reported increased NO emissions, 
compared to straight methanol operation, in leaner mixtures when supplemented with 
increasingly large levels of hydrogen. 
Apostolescu and Chirac [1996] found the engine specific hydrocarbon emissions were 
reduced at a particular value of A by the addition of hydrogen. They attributed this 
to the associated reduction of cycle-by-cycle variability reducing and/or eliminating the 
effect of incomplete combustion, rather than a reduction in flame quenching in the pis-
ton top-land crevice due to the increased laminar flame speed of the mixture. Swain 
et al. [1993], using a natural gas fuelled engine, reported reduced bsHC readings with hy-
drogen supplementation. The effect is negligible in richer mixtures but quite pronounced 
in leaner mixtures. Schafer [1981] reports that the level of HC emissions was reduced 
at all air/fuel ratios with the addition of hydrogen but the effect was most pronounced 
in lean air/fuel ratios where the additional hydrogen was able to maintain combustion 
in regions where un-supplemented methanol/air mixtures can not. It was also shown 
that when using the same hydrogen flow rate, there is a considerable reduction in HC 
emissions when methanol is the fuel compared to when gasoline is used. 
CO emissions have been generally shown to be unaffected by the addition of hydrogen. 
As would be expected the CO emission levels are high with rich air/fuel ratios and as 
the mixture is progressively leaned out they reduce to a negligible level due to the excess 
air that is available to complete oxidation to CO2 . As the engine approaches it's lean 
limit of combustion, CO emission levels increase gradually due to the increased quench 
layer thickness and the partial oxidation of unburned fuel in the exhaust stroke. Thus 
when supplementing an engine with hydrogen, the e,ngine will usually be operated in a 
lean air/fuel regime to take advantage of the wider flammability limits of hydrogen and 
the CO emissions would be correspondingly very low [MacDonald 1976] , [Schafer 1981]. 
2.6 DIRECT INJECTION OF HYDROGEN 
2.6 Direct Injection of Hydrogen 
Introducing hydrogen to an engine via injection directly into either the combustion cham-
ber (internal mixture formation) or a combustion pre-chamber is technically more difficult 
to implement than the untimed manifold injection of hydrogen. Despite the difficulties 
involved, this method does offer the potential to not only overcome the volumetric effi-
ciency penalty of the untimed manifold injection method but also to enable the formation 
of a stratified charge. 
The technical requirements for such a system are a high pressure supply of hydrogen, 
an injector capable of being accurately controlled and of being able to withstand the back-
pressure against it due to combustion, and a control system capable of controlling both 
the timing and the duration of the hydrogen injection. Due in part to the technical 
complexity of direct injection supplementation of hydrogen, there has been relatively 
little work carried out in this area compared with manifold injection, especially when 
the injected hydrogen is used as a supplementary fuel. The majority of direct hydrogen 
injection work has been carried out on dedicated hydrogen fuelled engines. 
2.6.1 Dedicated Hydrogen Fuelled Engines 
The two most commonly implemented methods of fuelling an engine on 100% hydrogen 
via internal mixture formation are low pressure injection immediately after the closure 
of the inlet valve and high pressure injection late in the compression stroke. 
Internal mixture formation via low pressure injection eliminates the problems en-
countered with manifold injection of low volumetric efficiency and backfiring [Suzuki 
et al. 1980]. Pre-ignition and knocking combustion may however still occur [MacCarley 
and Van Vorst 1980]. Control of air/fuel ratio (and hence power) can be achieved by 
variation of either injection pressure or injection duration (or a combination of both). 
Variation of injection duration is preferable as reducing the injection pressure will ad-
versely affect the mixing of hydrogen with the induced air in the cylinder [Pichainarong 
et at. 1990]. 
Internal mixture formation via high pressure injection late in the compression stroke 
also overcomes the volumetric efficiency and backfire problems associated with mani-
fold injection. High pressure injection has the added advantage over low pressure injec-
tion that pre-ignition is eliminated and knocking combustion may be controlled [Homan 
et al. 1983] , [Furuhama et at. 1991]. Knocking combustion is controlled by injecting 
hydrogen towards the source of ignition over a period of time including the time when 
ignition actually occurs [Homan et al. 1983]. This results in the combustion of a hetero-
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geneous charge which burns with a reduccd rate of pressure rise compared to that of an 
equivalent homogeneous charge thereby eliminating the knocking combustion. The major 
disadvantage of the high pressure late injection of hydrogen is a possible reduction in ther-
mal efficiency due to inadequate mixing of the air/fuel mixture [Pichainarong et al. 1990]. 
·While the dedicated fuelling of engines on hydrogen is not the focus of this the-
sis, a great deal of work has been completed in this area. Of note is the work carried 
out at the at the Musashi Institute of Technology in Japan, principally by Shoichi Fu-
ruhama [Saga and Furuhama 1976] , [Furuhama et al. 1978] , [Furuhama 1979] , [Fu-
ruhama and Kobayashi 1982] , [Furuhama and Kobayashi 1982a] , [Takiguchi et al. 1987] 
,[Pichainarong et al. 1990], [Furuhama et oL 1991] ,[Koyanagi et al. 1993]. Of the ma-
jor automobile manufacturers, Daimler-Benz AG have also undertaken long running re-
search into fuelling engines utilizing direct hydrogen injection [Binder and Withalm 1980] 
, [Withalm and GeIse 1986] , [Jorach and Prescher 1994]. 
2.6.2 Supplementary Fuelling via Direct Injection of Hydrogen 
To the best of the author's knowledge, the only use of supplementary hydrogen that is 
being directly injected into the combustion chamber of an engine is that associated with 
the hydrogen assisted jet ignition (HAJI) concept. 
The HAJI concept [Watson 1995] was initially proposed by Professor Watson at the 
University of Melbourne and has since been the topic of ongoing development by gradu-
ate students Kyaw , Lumsden and Lawrence as well as post doctoral fellow Glasson. 
The HAJI system development follows on from work by Gussak who proposed the 
"LAG" process whereby a "torch" of active species is ejected from a pre-chamber into the 
main chamber to initiate combustion at many sites within the charge thereby effectively 
accelerating the combustion rate in the main chamber air/fuel mixture [Gussak 1975] , 
[Gussak 1976]. Honda, in the 1970's, produced the CCVC stratified charge engine which 
featured a pre-chamber. Difficulty was experienced in obtaining optimum jet momentum 
over a wide range of operating conditions. There were also substantial heat losses asso-
ciated with the pre-chamber design. Oppenheim and his co-workers Maxson et al. [1991] 
have proposed the use of pulsed jet combustion (PJC) for the combustion of very lean 
mixtures. The size of the pre-chamber used is much smaller than the pre-chambers used 
in previous pre-chamber design engines for example the Honda CCVC engine. 
The HAJI system takes advantage of the order of magnitude faster flame kernel 
growth that is exhibited by hydrogen mixtures as compared to conventional hydrocar-
bon fuels [Kyaw and ·Watson 1993]. A jet with enhanced momentum is achieved from 
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only a small proportion of the total charge energy which includes active radicals and 
intermediate species of combustion which combined, assist in initiating combustion in 
mixtures that are significantly leaner than the lean flammability limit that can be at-
tained with conventional ignition systems. 
The HAJI system consists of a small pre-chamber approximately 1.5% of the clear-
ance volume of the engine. An injector is used to supply hydrogen to the pre-chamber by 
an injector where it mixes with air and some main chamber fuel. At present the amount 
of hydrogen used is 5% of the total fuel energy. Once ignited by a miniature spark-plug, 
jets of burning air/fuel mixture and active species are issued into the main combustion 
chamber [Lawrence 1999]. The HAJI system allows stable combustion of lean main com-
bustion chamber mixtures that have characteristically slow rates of fiamepropagation 
and leads to improved thermal efficiency and reduced NO x emissions. 
The development of the HAJI system has taken place both on a test engine and in 
a four cylinder engine [Glasson et al. 1996]. The HAJI system has been demonstrated to 
reduce combustion variability and extend the lean limit of an engine considerably. This 
allows un-throttled engine operation over a wide range of power outputs. An correspond-
ing increase in part load efficiency over that which can be obtained without the use of 
the HAJI system is also apparent. 
One area of concern with the HAJI system is the increased level of unburnt hydro-
carbon emissions that have been observed to occur. This area has been the subject of 
recent research which has concluded that the increased UHC emissions as a result of 
increased levels of wall quenching [Lawrence 1999]. 
2.7 Summary 
To date the vast majority of investigations into the use of hydrogen supplementation in 
spark ignition engines has concentrated on untimed manifold injection. As far as the 
author is aware, the only reported use of the direct injection of supplementary hydrogen 
has been in conjunction with the use of a pre-chamber. The aim of this, the HAJI system, 
is to inject into the main combustion chamber multiple jets of burning air/fuel mixture 
and/or active species. There has been no known work on the proposed area of direct 
injection of supplementary hydrogen into the combustion chamber, either with the aim 
of forming a homogeneous charge, or forming a richer air/fuel mixture in the vicinity of 
the spark-plug. 

Chapter 3 
Development of Hydrogen Injection Systems 
In this chapter the development details of the three proposed hydrogen injection systems 
are presented. The selection of the hydrogen injector used is discussed along with the 
associated mounting arrangements that are required. Results of preliminary injector 
open How testing to determine the relationship between supply pressure, injector current 
and How rate are presented along with the results of dynamic injector testing. 
3.1 Selection of Hydrogen Injector 
3.1.1 Existing work in the Department 
The selection of a hydrogen injector that is suitable for in-cylinder injection of hydrogen 
was critical for the success of this piece of research. 
Commercially available Bosch gasoline manifold electronic fuel injectors have been 
used previously in the department as gaseous direct injection fuel injectors in constant vol-
ume combustion bomb research by Damiano [1993] , Robinson [1995] and Roache [1998], 
and in stratified charge investigations in a Ricardo E6 engine by Zavier [1991] and 
Calvert [1994]. These injectors worked well but did leak from the seat with higher gas 
supply pressures. The injectors used in the engine work were used in conjunction with 
hypodermic connecting tubes and non-return valves. This enabled them to withstand 
the high downstream combustion pressures and temperatures which would otherwise pre-
clude their use as direct injection injectors. 
Earlier work in this department involving the use of direct hydrogen injection in 
an engine had been carried out by Glasson [1992]. Glasson designed and built a sonic 
hydrogen injector that was capable of fuelling an Ricardo E6 engine on hydrogen as the 
sole fuel at air/fuel ratios from rich (A = 0.9) to very lean (A = 3.0). The advantage of 
a sonic injector is that the How rate of hydrogen injected is independent of the pressure 
downstream of the injector nozzle. Thus the mass How rate of such an injector is depen-
dent only on the hydrogen supply pressure and the injection duration. The sealing of 
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the injector seat against hydrogen leakage using an elastomeric seat proved problematic 
however with the seating arrangement lasting around 1/2 an hour typically 
Brown [2001] modified Glasson's injector for his investigation of late high pressure hy-
drogen direct injection fuelling of a ·Wankel Rotary engine. He attempted to overcome the 
injector seat sealing problems by using a metal to metal seating arrangement as opposed 
to Glasson's elastomeric seat. This solution resulted in a small amount of leakage which 
was tolerable but significantly better durability. It also allowed the effective lift of the 
injector pintle to be varied to allow the injector to be set up for differing flow rate ranges. 
It became apparent when the range of hydrogen fuelling rates required for this project 
(from 0 to 50% HEF) was compared to the known performance characteristics of the Glas-
son injector that it would not be suitable. In addition Brown was still using the Glasson 
injector for his research. A suitable injector therefore had to be obtained for the current 
work. 
3.1.2 Compressible Flow Theory 
The advantage of operating an injector as a sonic injector is that the flow rate of hydrogen 
is not dependent on the pressure of the gas in the combustion chamber but dependent 
only on the injection supply pressure and duration. From Massey [1989] for compressible 
flow. 
where , 
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ratio of specific heats 
gas constant (4126.2 J/kmol.K for hydrogen) 
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absolute temperature (K) 
value at minimum contraction of nozzle 
stagnation value 
(3.1 ) 
From Equation 3.1 it can be noted that when (~) < 0.53 for hydrogen, the velocity 
at the minimum area of the contraction is equal to the speed of sound and the flow is 
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termed to be choked or sonic. At this condition the mass flow rate of hydrogen is the 
maximum possible and is independent of conditions downstream of the nozzle. Under 
this condition the mass flow rate of hydrogen into the combustion chamber is dependent 
only on the hydrogen supply pressure and temperature and the injection durat.ion. 
The maximum pressure downst.ream of the injector during the injection process can 
be estimated from the maximum pressure due to isentropic compression of the intake 
air / fuel charge. 
(V)" P2 = Pi V~ (3.2) 
For a compression ratio of 10: 1 and assuming that the pressure at the start of the 
compression stroke (pd is atmospheric pressure (1.01325 bar), the pressure at the end 
of the compression stroke (P2) is: 
P2 1.01325(10)1.4 
25.45 bar 
(3.3) 
The minimum pressure required for sonic flow is then found by substituting the max-
imum combustion chamber pressure (P2) into the limiting pressure ratio from equation 
3.1 and rearranging to give: 
Po 
25.45 
0.53 
48.0 bar 
(3.4) 
In order to be able to inject hydrogen at any point in the compression stroke, the 
minimum hydrogen supply pressure must therefore be greater than 48.0 bar to achieve 
sonic flow. Therefore any injector used must operate with a supply pressure of greater 
than 48 bar and be able to seat properly, not allowing hydrogen to leak when the injector 
is not actuated. 
3.1.3 Mitsubishi Gasoline Direct Injection (GDI) Injector 
Mitsubishi were the first company to put into production an engine that employed a 
solenoid actuated direct injection gasoline injector to facilitate the operation of an en-
gine with either a homogeneous or heterogeneous charge as required. The gasoline was 
injected directly into the combustion chamber allowing precise control of charge stratifi-
cation [Kume et al. 1996] , [Iwamoto et al. 1997]. 
30 CHAPTER 3 DEVELOPMENT OF HYDROGEN INJECTION SYSTEMS 
Two Mitsubishi GDI injectors 1 were obtained from Mitsubishi Motors New Zealand 
Limited for evaluation as potential direct injection hydrogen injectors for this research. 
Adapting a Mitsubishi GDI injector for use as a hydrogen injector has the following 
benefits. 
1. The technology is proven. Being a production piece of equipment it is durable 
and reliable and will eliminate the problems encountered by Glasson and Brown of 
constantly having to rebuild and adjust the injector to achieve reliable performance. 
2. The GDI injector is designed to operate with a fuel pressure of 5 MPa (50 bar) as 
opposed to a conventional manifold fuel injector which operates with a fuel pressure 
of 0.2 MPa (2 bar). Thus it is hoped that the injector will have significantly better 
sealing than a conventional injector and be able to operate with much higher gas 
supply pressures with little or no leakage. 
3. Being solenoid actuated, control of the injection duration and pressure should en-
able the injector to be used to provide a localized puff of hydrogen as well as the 
larger quantities required for higher rates of supplementation of the main methanol 
charge. 
The disadvantage of using a commercial injector however is that if the desired flow 
rate of hydrogen cannot be achieved by varying either the supply pressure or the injection 
duration, there is nothing that can be done to remedy the situation. Another area of 
concern was the possibility of wear occurring when using a gas in the injector due to the 
absence of gasoline which would serve to lubricate the seating surfaces2 . 
3.2 Preliminary Injector Flow Testing 
The Mitsubishi GDI injector was supplied with very little technical data about either 
its flow or electrical characteristics. In order to determine the basic flow and electrical 
characteristics of the injector, some preliminary flow testing was carried out. 
3.2.1 Open Flow Characteristics 
The Mitsubishi GDI injector was first tested with the injector held open in the actuated 
position. The aim of this was to determine the injector's effective throat area from com-
pressible flow theory to allow computation of mass flow rates for a given condition. As 
the injector was supplied with very little technical data, there was no way of knowing 
lPart Number JCMD341969 
2These concerns proved unfounded as no problems were experienced with leakage from the injectOl 
over the duration of the project 
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Gauge Absolute Calculated 
Pressure Pressure Hydrogen Throat Area 
(psi) (kPa) (kg/sec) (mm2 ) 
100 789.5 4.75E-05 0.096 
200 1479.0 1.22E-04 0.132 
300 2168.4 1.87E-04 0.138 
400 2857.9 2.50E-04 0.140 
500 3547.4 3.25E-04 0.147 
600 4236.9 4.00E-04 0.151 
700 4926.4 4.64E-04 0.151 
800 5615.8 5.35E-04 0.153 
900 6305.3 5.82E-04 0.148 
Table 3.1 Flow Rates and Calculated Throat Areas 
what the maximum current was that could be applied to the injector without causing 
permanent damage. 
A series of tests were run and at each supply pressure details of the flow rate and 
the current required to open and hold the injector open were recorded. 
The injector was connected to a high pressure hydrogen supply via a pressure regu-
lator to allow the supply pressure to be varied from 0 to 63 bar. The end of the injector 
was connected to a large diameter pipe and vented safely outside to the atmosphere. The 
volumetric flow rate of gas at differing supply pressures was measured using a Hastings 
o - 500 SLPM N2 thermal mass flow meter. Details of the calculation used to convert 
the flow of hydrogen as read from the display unit in SLPM N2 to a mass flow rate can 
be found in Appendix E.2 on page 239. 
The results of open flow testing are summarized in Table 3.1 and plotted in Figure 
3.1. It can be seen that the effective critical throat area of the injector was calculated to 
be:::::J 0.15 mm2 . 
At each supply pressure, the current being supplied to the injector was gradually 
increased until the injector opened (opening current). The gas flow rate was recorded 
and then the current supplied was reduced until the injector closed (closing current). 
The values obtained are plotted in Figure 3.2. 
The current required to open the injector increases as the gas supply pressure in-
creases. The injector opens inwards so the solenoid is having to actuate against an 
increasingly large force that is being applied by the gas pressure. The current required 
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Open Flow Characterisics of Mitsubishi GDllnjector 
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Figure 3.1 Hydrogen Mass Flow verses Supply Pressure 
to hold the injector open against the supply gas pressure is less than that required to 
open it for a combination of two reasons. Firstly there is less area for the gas pressure to 
act upon when the injector is open hence less force to resist. Secondly when the injector 
is open, the pressure differential between upstream and downstream is not as great as 
when the injector is closed, again reducing the force required to keep the injector open. 
The current required to hold the injector open against the gas supply pressure also in-
creases with increasing supply gas pressure. 
It was decided that the hydrogen supply pressure that would be used through out 
the early direct injection testing would be 55 bar3,4 for the following reasons: 
1. The minimum hydrogen supply pressure required to achieve sonic flow of hydrogen 
is 48 bar (see page 28). A pressure of 55 bar allows a margin of error in the 
calculation of this pressure. 
2. In order to achieve higher values of hydrogen energy fraction during supplementa-
tion, it will be necessary to inject quite high mass flow rates of hydrogen. As the 
flow through the injector is sonic, the only two ways of increasing the amount of 
3Note: A full cylinder of hydrogen has a pressure of approximately 150 bar (2175 psi). Thus when 
the pressure has dropped to 55 bar the cylinder is effectively" empty". 
4When the engine management system was installed in the test cell and the hydrogen injectors tested, 
it was discovered that the maximum supply pressure that could be used was 48.2 bar (700 psi). This 
was due to a limited selection of values for the current limiting resistors in the injector driver. As this 
value is similar to the minimum value calculated from compressible flow theory and injection at TDC is 
unlikely, 48.2 bar was llsed during engine testing 
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hydrogen injected is to increase the injection duration or to increase the hydrogen 
supply pressure. In order to achieve homogeneous mixture formation, the hydrogen 
is required to be injected in the shortest possible interval after the inlet valve has 
shut thus requiring the highest hydrogen supply pressure possible to achieve the 
high substitution levels. 
3. The higher the supply pressure the greater the current required to actuate the 
injector. It was felt the the current required to actuate the injector against a 
supply pressure of 55 bar (2.4 A) was quite high and using a higher value may 
result in permanent damage to the solenoid 5 . 
3.2.2 Engine Actuated Flow Characteristics 
Having determined the open flow characteristics of the Mitsubishi GDI injector and cal-
culated it's critical area (see Table 3.1), a test was performed to determine what extent 
hydrogen of substitution would be practically attainable on the Ricardo E6 engine. 
Glasson [1992] had found in the course of his research when fuelling the Ricardo E6 
engine solely on hydrogen that if the injection of hydrogen occurred after 284 ° ATDC, 
NO x emissions increased due to stratified charge combustion resulting from there being 
insufficient time for an homogeneous mixture to occur. Thus for the purposes of this test 
the hydrogen injector was actuated at 216 ° ATDC (inlet valve closes at 216 ° ATDC) and 
closed at 284 ° ATDC i.e. an injection period of 68 °CA. The flow rate of hydrogen was 
measured using a Hastings 0 - 100 SLPM N2 mass flow meter. The engine speed was 
1500 rpm. 
It can be seen from Figure 3.3 that for a hydrogen supply pressure of 55 bar, the 
maximum flow rate of hydrogen that could be expected during actual engine testing is 
30 SLPM. 
U sing a spreadsheet developed to calculate the required flow rates of methanol and 
hydrogen for a given overall air/fuel ratio and hydrogen energy fraction (HEF) , it was 
found using a hydrogen flow rate of 30 SLPM, the maximum HEF that could be expected 
during engine testing for ),=1.0 is 20% HEF . 
.5 At a later point in the work one of the injectors was accidentally destroyed by allowing it to draw 
too much current. This injector was taken to pieces to allow the internal configuration to be studied. 
The intact section of the windings of the solenoid were connected to a power supply and a 3 A current 
applied continuously for a period of 2 hours with no detectable heating observed in the windings. A 6 A 
current was then applied continuously for a period of 2 hours with only slight warming being detected in 
the windings. It was concluded that the current limit of 2.4 A that had been designed into the injection 
circuit was suitable 
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Although the degree of hydrogen substitution for the A=1.0 case is not high, up to 
50% HEF substitution will be attainable for leaner air/fuel mixtures. On the basis of the 
preliminary injector flow testing, it was decided that the Mitsubishi GDI injector would 
be suitable for the purposes of this investigation. 
3.3 Injection Systems 
The three systems for introducing supplementary hydrogen into the Ricardo test engine 
are as follows. 
1. Untimed Manifold Injection. Technically the simplest, the aim is to form a homo-
geneous air/fuel mixture. 
2. Early Direct Injection. The aim of this method is to form a homogeneous mixture 
as in the untimed manifold case but overcome the associated volumetric efficiency 
penalty. 
3. Modified Spark-plug Injection. The aim of this method is to be able to form a 
localized hydrogen rich air/fuel mixture in the vicinity of the spark-plug. 
3.3.1 Untimed Manifold Injection Configuration 
The initial attraction in dual fuelling an engine with methanol and hydrogen was the 
possibility of using the advantageous characteristics of each fuel to overcome the disad-
vantageous characteristics of the other. Fuelling of a spark ignited engine with hydrogen 
via external mixture formation is limited by knocking and pre-ignition that can poten-
tially result in flash-back into the inlet manifold resulting in back-fire. Methanol has a 
high latent heat of vaporization which results in poor fuel vaporization leading to poor 
cold start characteristics, poor combustion and increased cylinder wear (see pages 13 and 
89). A fuelling system that allowed methanol to be injected into the cylinder before the 
hydrogen was injected could potentially be of benefit to the combustion of both fuels. 
The initial injection of methanol could cool the cylinder walls and charge before the 
later injection of hydrogen thereby potentially avoiding the characteristic pre-ignition 
and knocking combustion of hydrogen. Hydrogen, being a gas and having wide flamma-
bility limits, offers the potential of overcoming methanol's poor cold start characteristics. 
An inlet manifold that accommodated a hydrogen injector was therefore required. It 
was decided to remove the existing horizontal throttle plate on the inlet manifold of the 
engine and replace it with a custom made manifold section. A vertical throttle plate was 
positioned after the inlet air heating element but before the methanol injector. 
Requirements of the custom manifold were as follows: 
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1 To have the same overall dimensions as the horizontal throttle plate that it is 
replacing. 
2. Incorporate a Mitsubishi GDI injector. 
3. Provide attachments to enable a hydrogen supply system to be plumbed to the 
injector. 
4, Prevent the leakage of hydrogen. 
5. Take advantage of hydrogen's high buoyancy to promote it's mixing with the in-
coming air/fuel mixture, 
A suitable manifold was designed and manufactured (see Figure A.l). The hydrogen 
is introduced to the inlet air from the lower portion of the manifold to take advantage 
of the extremely buoyant nature of hydrogen to enhance the mixing. The layout of the 
Ricardo E6 head, inlet manifold, methanol injector, vertical throttle plate, air heater and 
viscous air flow meter is shown in Figure 3.4. 
Preliminary testing revealed that there would be no advantage in supplementing hy-
drogen to the engine manifold in a timed manner. The concept behind timed manifold 
injection of methanol and hydrogen is that the methanol is injected first, cooling the 
combustion chamber surfaces. The hydrogen is injected slightly later entering a combus-
tion chamber with cooler surfaces. Thus the well documented problem of pre-ignition 
of manifold injected hydrogen on hot-surfaces in the combustion chamber is potentially 
overcome. With the current hydrogen injector and fuel supply system it was impossible 
to supply sufficient hydrogen in a timed fashion to operate the engine in the region where 
operation is limited by knock and pre-ignition. From a vehicle concept point of view, if 
the on-board hydrogen generator (as described on page 5) is less than 100% efficient (en-
ergy in divided by energy out), any methanol being diverted to the generator represents 
an efficiency loss [MacDonald 1976]. Large levels of substitution would therefore not be 
desirable under these circumstances. The addition of small quantities of hydrogen at lean 
air/fuel ratios was also observed to have a greater effect than at richer air/fuel ratios. 
Given the findings of the preliminary engine testing, it was decided to focus the investiga-
tion on the effects that small quantities of hydrogen have on the combustion of methanol. 
It was decided to supply the hydrogen in a continuous untimed fashion to the inlet 
manifold. This method is technically the easiest way of adding hydrogen to the inlet air 
while still forming a homogeneous air/fuel charge with the inlet air and methanol. The 
hydrogen supply was initially plumbed to the underneath of the inlet manifold in the 
same position as the original hydrogen injector to take advantage of hydrogen's buoy-
ancy to aid in the formation of a homogeneous mixture. The flow rate of hydrogen was 
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controlled via regulation of the supply pressme and/or the use of a metering valve in thc 
supply line. This arrangement proved to be problematic as at higher methanol flow rates 
and with a relatively low level of inlet air heating (~ 364 VV - sec page 89), methanol 
was found to condense on the walls of the inlet manifold and run down into the hydrogen 
supply line. This has the effect of blocking the flow of hydrogen until sufficient pressure 
built up releasing a large" bubble" of hydrogen into the inlet air/fuel mixture, resulting 
in a brief period of engine knock and an associated fluctuation in the output torque of 
the engine. This was overcome by plumbing the hydrogen supply into the top of the inlet 
manifold. 
Swagelocl< Fitting 
Inlet Monl fold Wall 
Direction 
Inner Shield 
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Flow 
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Figure 3.5 Thermocouple in Inlet Manifold 
A later decision to monitor the air/fuel mixture resulted in a temperature probe being 
designed (see Figure 3.5 for a schematic and Figure A.3 for the workshop drawings). 
Measuring the temperature of a partially evaporated mixture of fuel and air is not a 
trivial exercise. Inaccuracics occur if liquid impinges on the thermocouple junction and 
subsequently evaporates as the junction is cooled due by the latent heat of vaporization 
of the fuel. Using methanol as the fuel compounds the problem as the latent heat of 
vaporization is approximately 3 times greater than that of gasoline. The thermocouple 
was thus designed with an outer shield. Any liquid fuel impinging on the outer shield can 
evaporate and the thermocouple probe is shielded as far as radiation is concerned from 
the cool outer shield by an inner shield (see Figure 3.5). The thermocouple itself was 
passed though a 1/8 inch Swagelock fitting with nylon ferrules to prevent conduction 
from the inlet manifold itself causing any inaccuracies in the temperature measured. 
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The thermocouple was manufactured by feeding a length of thermocouple wire through 
a capillary tube. The two wires were carefully melted together using a spark discharge to 
form a thermocouple junction. ·While ensuring that neither of the two wires touched the 
side of the capillary tube, RTV was used to provide a non-conducting barrier between 
the thermocouple wire and the capillary walls as well as ensuring the inlet manifold is 
sealed from the atmosphere. 
3.3.2 Early Direct Injection Injector Configuration 
The design of the configuration that was to support the Mitsubishi GDI injector in it's 
early direct injection configuration was subject to a number of constraints: 
1. Design must incorporate a Mitsubishi GDI injector. 
2. Complete injector assembly must fit into the spare spark plug hole in the Ricardo 
head which is machined for a long reach spark plug6 . 
3. The end of the Mitsubishi injector must be as close to the combustion chamber as 
possible to minimize dead volume in the arrangement. 
4. Must provide suitable fittings to allow it to be plumbed to a high pressure hydrogen 
supply. 
5. Prevent the leakage of hydrogen. 
6. Allow access for electrical connections to the injector. 
7. Assembly must be able to easily be fitted to the engine. 
The final design consisted of four separate sections, an endcap, a spacer, the bottom 
end and a nozzle. The endcap, spacer and bottom end were held together with 4 cap 
screws that ran the length of the assembly. The layout of the configuration can be seen 
in Figure 3.6 and all of the manufacturing drawings can be found in Appendix A on page 
219. 
The endcap was designed to fit on the upstream side of the injector (see Figure 3.6). 
This endcap fulfilled two functions. Firstly it provided a connection to the high pressure 
hydrogen supply via a Swagelock fitting. Secondly it sealed against the body of the Mit-
subishi GDI injector via a counterbore and an O-ring. 
The function of the spacer is to provide support between the endcap and the bottom 
end as well as keeping the assembly concentric. Its length was adjusted to allow the 
6This allows the spark plug to remain in the same position relative to the valves etc. for all three 
fuelling systems 
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Figure 3.6 Direct Injection Injector Configuration 
required amount of compression between the endcap and the bottom end when the cap 
screws were tightened. 
The bottom end was carefully designed to meet the design criteria listed previously. 
The injector has an outer spark plug thread that allows it to screw into the spare spark 
plug hole. Sealing of the combustion gases is provided for both on the inside and the 
outside of the bottom end by copper gaskets. The inside of the bottom end is sized 
to accommodate a Mitsubishi GDI injector and position it as close as possible to the 
combustion chamber. The end of the bottom end also has a internally cut thread to al-
low injection nozzles of various configurations to be attached. The nozzle is held in place 
with Loctite and a grub screw which is positioned perpendicular to the axis of the nozzle. 
The resultant direct injection injector assembly is a compact arrangement that met 
all the design requirements and proved during the course of the research to function in a 
satisfactory manner. 
3.3.3 Modified Spark-plug Injection Injector Configuration 
The modified spark plug arrangement, used to provide an injection of hydrogen to form 
a localized rich mixture around the spark-plug electrode, is based upon arrangements 
that have been previously developed within this department for constant volume com· 
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bustion bomb research by Damiano [1993] , Robinson [1995] and Roache [1998], and in 
stratified charge investigations in a Ricardo E6 engine by Zavier [1991] and Calvcrt [1994]. 
The modified spark plug arrangement must satisfy a numbcr of constraints: 
1. The maximum diameter of the arrangement must be such that it can fit into the 
spark plug hole in the Ricardo E6 engine. 
2. The modification must leave the spark-plug with enough thread to safely hold it in 
the head of the engine under operating conditions. 
3. The arrangement must make provision for the spark-plug to be fitted to the engine 
ie access for a spark-plug socket. 
4. The arrangement must incorporate a lVIitsubishi GDI injector. 
5. The arrangement must provide a flow path for hydrogen into the area around the 
central ceramic electrode. 
6. The arrangement should have a minimum of dead volume. 
The spark plug hole that will be used throughout this research program is configured 
to take a short reach spark plug. The adaption collar was designed to be used with a 
long reach spark plug so that the length of thread remaining after the adaption collar 
was fitted to the spark plug would be the same as that on a short reach spark plug. An 
endcap and spacer were also used as in the early direct injection arrangement. 
The difficulty then arose that the ceramic central electrode of the spark-plug to be 
used was quite short causing there to be a non-direct radial flow path from the center 
of the adaption ring into the area around the central electrode. The three connect-
ing holes therefore had to be drilled at an angle of ~45 degrees in order for the drill 
to not contact the ceramic electrode and break. It was later determined in the course 
of the schlieren photography investigation that these holes were in fact not providing a 
good supply of hydrogen to the electrode and modifications had to be made (see page 53). 
The layout of the modified spark-plug injector configuration is shown in Figure 3.7. 
The major drawback of the modified spark-plug injection arrangement is the amount 
of dead volume between the spark-plug and the injector. During engine operation both 
fresh air/fuel mixture and partially burnt combustion gases could flow into this volume 
and be prevented from being properly oxidized by the flame. This will result in this 
configuration potentially having higher unburnt hydrocarbon emissions than the direct 
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injection fuelling system which has a lower dead volume associated with it. 
The dead volume of the modified spark plug arrangement was measured and found 
to be 1.167 cm3 compared with 0.1 cm3 for the direct injection injection configuration. 
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Figure 3.7 Modified Spark-plug Injector Configuration 
Master Gasket Sealant was used on all copper gaskets to provide extra sealing ca-
pability. As a final check of the collars sealing, the modified spark plug arrangement 
was fitted to a constant volume combustion bomb and a high pressure supply of nitro-
gen attached. The nitrogen supply pressure was gradually increased to 85 bar. The gas 
connection as well as the adaption collar were tested for leaks using" snoop" 7 and found 
to be leak free. 
7 A liquid that when applied to a joint leaking gas causes bubbles to be formed. 
Chapter 4 
Schlieren Photography Visualization Investigation 
This chapter introduces schlieren methods and their principle of operation before describ-
ing the apparatus used and the test procedure. The performance of both the direct and 
modified spark-plug injection injector configurations described in Chapter 3 are further 
improved through the use of schlieren photographs to visualize the resultant flow fields. 
4.1 Introduction 
Situations commonly arise in science and engineering that involve the use of fluids that 
are colorless and transparent. Observing the interaction of these fluids with objects, their 
mixing with other similar fluids and the effects of heat on the fluid motion by conven-
tional visual or photographic means is therefore very difficult or impossible. 
Most of the situations of interest however involve changes in the density (and there-
fore the refractive index) of the fluid(s) due to compression (in the case of compressible 
flow) or temperature (in the case of convection). 
Schlieren methods are optical methods of observing and photographing this type of 
phenomena which take advantage of the effect that changes in the refractive index have on 
the transmission of light. The best known method is that developed by Toepler [Holder 
and North 1963] , [Massey 1989] and it is this method that will be used throughout this 
work. 
Schlieren methods have been used to observe and photograph the flow field associated 
with the injection of hydrogen from both the early direct injection injector and the 
modified spark-plug injection injector. 
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4,2 Apparatus 
Schlieren photography has been used previously in the Department of Mechanical Engi-
neering by Zavier [1991] , Robinson [1995] , Brown [2001] and in investigations overseas 
by Heywood and Vilchis [1984] , Koyanagi et ai. [1993] and Kume et ai. [1996] amongst 
others to visualize the injection of one gas into another. The relevant background the-
ory relating to schlieren methods can be obtained from Holder and North [1963] and 
Robinson [1995]. Actual dimensions of the experimental setup used can be obtained 
from Brown [2001]. 
4.2.1 Changes Made to Timing Apparatus 
Previous researchers used a remote control box to vary the delay between the firing of the 
injector and the firing of the strobe light. During the course of early setup experiments 
this box was found to produce inconsistent injection timings. In order to overcome 
this problem, a small program was written in C++ called LIGHT.C to control the start 
and duration of hydrogen injection via a UPP board designed and manufactured by 
electronic technicians in the Department of Mechanical Engineering. As had been the 
case previously when the injector is triggered, the strobe remote triggering device's leads 
are shorted leading to the strobe being fired after a variable delay of between 0.0 and 
999 ms. The layout of the triggering circuit is shown in Figure 4.1. An injector voltage 
of 48 volts was used so a rapid rate of current rise would occur ensuring a quick injector 
opening response. In order to ensure that the maximum current applied to the injector 
was not greater than 2.4 amps (see page 30), a current limiting resistor of value 20 n 
was added to the circuit. 
4.2.2 Physical Arrangement of Test Bomb 
The constant volume bomb that was used for the schlieren photography investigation 
has been manufactured and used in several earlier investigations by Zavier [199l] , Dami-
ano [1993] and Brown [2001]. The inside of the bomb is cylindrical with a diameter of 
76.2 mm, the same as the bore of the Ricardo E6. 
The end of the early direct injection injector was positioned to line up with the edge 
of the two glass windows so that the injected hydrogen plume could be recorded as it left 
the nozzle. Similarly the modified spark plug injector was positioned so that the end of 
the spark plug thread lines up with the two glass windows with only the side electrode 
visible in the field of view. Due to the size of the glass windows in the existing schlieren 
bomb, only a small area in front of the injectors is able to be viewed and photographed 
using the schlieren setup. The layout of the bomb and relevant dimensions are given in 
Figure 4.5. 
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4.3 Testing Procedure 
In order to convey the procedure that is followed when taking a series of schlieren pho~ 
tographs, first the procedure will be described verbally before the exact steps are given. 
The aim of the schlieren photography investigation is to obtain a series of pho-
tographs which show the flow field resulting from a particular hydrogen injection system 
under a given set of conditions over a series of known time intervals. 
The program LIGHT.C is run on the computer which prompts the operator for the 
required hydrogen injection duration. The required delay between the start of injection 
and the firing of the argon strobe light is set on the strobe remote timing unit. At this 
point all the lights in the room including the computer monitor are switched off. Schlieren 
photography is carried out in a pitch black room by necessity as the camera shutter is 
open for long periods of time and any stray light will be recorded, degrading the final 
image. The assistant then opens and holds open the shutter of the camera manually. 
Once the input to the computer has been accepted, the program simultaneously starts 
the injection event and grounds the inputs to the remote timing unit. The grounding of 
the strobe remote timing unit's inputs starts the preset delay period before the strobe 
is fired. The signal to end the injection event is sent automatically from the computer. 
Once the strobe has fired the assistant can then release the shutter of the camera and 
advance the film. The hydrogen injection duration reset on the computer and the new 
strobe light delay duration is set on the strobe remote timing unit 1 . 
The accuracy of the injection durations was checked using a digital oscilloscope and 
the accuracy of the strobe firing delays using a digital oscilloscope in conjunction with a 
photo diode. Both were found to be as they had been specified to be. 
The procedure that was followed is outlined as follows: 
1 Set up schlieren apparatus according to instructions in Zavier [1991] , Damiano [1993] 
, Robinson [1995] and Brown [2001], 
2. Set up schlieren apparatus triggering circuit according to Figure 4, L 
3. Fit injector configuration to be tested to the bomb and test for pressure leaks. 
4. Purge the injector gas supply line with hydrogen before setting the hydrogen supply 
pressure. 
INote:- The injected hydrogen plume shown in a series of photographs is not, the same plume. For 
each injection event" only one phot,ograph is taken at a specified time aHer the injection is commenced. 
However it. is assumed t,hat the injection event, is reasonably repeatable so this method will give a good 
representat.ion of the injection event, as a whole. 
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5. Purge the bomb with oxygen free nitrogen2 before setting the bomb at the required 
pressure. 
6. Run the injection program LIGHT.C and set the injection duration. 
7. Set the required delay between the start of injection and the firing of the strobe 
light on the strobe remote timing unit and reset. 
8. Shut off all the lights and have assistant hold open the shutter on the camera. 
9. Run computer program 
10. After the strobe has fired, close shutter on the camera. 
11. Repeat above items as appropriate. 
4.4 Early Direct Injection Injector 
The aim of the early direct injection of hydrogen is to overcome the expected volumetric 
efficiency penalty associated with the manifold injection of hydrogen whilst still main-
taining a homogeneous air/fuel mixture. Thus it was decided to start the injection of 
hydrogen at 220 ° ATDC (the inlet valve having closed at 216 ° ATDC). After preliminary 
injector flow rate testing it was calculated that the longest injection durations were likely 
to be approximately 65 °CA. The in-cylinder pressures at 216 ° ATDC and 285 ° ATDC 
were calculated to be 1 bar and 2.6 bar respectively for a compression ratio of 10:1 (see 
page 114). 2.0 bar was chosen as a bomb pressure suitable to represent the cylinder 
pressure at the time of the in.iection of hydrogen. 
4.4.1 Four Hole Nozzle 
Initial experimentation was carried out with a nozzle on the injector which had 4 holes 
of ¢2.0 mm drilled on an 8 mm PCD at an angle of 45 degrees to the central axis of 
the injector body. The injection duration used was 10 ms and the supply pressure was 
55 bar. Schlieren photographs of the flow field created are shown in Figures 4.6 to 4.13. 
Unfortunately the threaded hole in the bomb used to mount the injector is offset from 
the center of the window in the bomb. As a result the hydrogen jets are set to one side of 
the photograph and the right hand jet is partially obscured by the edge of the window. 
2 used to prevent a combustible mixture being formed 
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From the preceding figures the following points are evident: 
1. There is a 2 ms delay between when injection is initiated to when the injected 
plume is first visible entering the combustion chamber. 
2. The injected plume appears to be injected at a relatively low velocity as is evidenced 
by the broad appearance of the individual plumes and their poorly defined irregular 
edges. The hydrogen is discharged from the critical area of the injector at sonic 
velocity but due to the dead volume within the nozzle immediately downstream of 
the critical area, the gas velocity through the nozzle discharge holes is sub-sonic 
and thus dependent on the cross sectional area of the latter. 
3. The plumes are not of equal size indicating that there will be differing degrees of 
penetration of the hydrogen plumes into the combustion chamber possibly leading 
to areas of incomplete mixing and a non-homogeneous air/fuel charge. The cause 
of the unequal jet developmerit is thought to be due to differences in the hole 
configurations. This would result in differing pressure losses for each jet and hence 
differing masses of hydrogen injected into the bomb. 
4. There is no central hole in the nozzle and it can be seen that the four plumes are 
leaving a large central area that has no hydrogen being injected into it that again 
could possibly lead to a non-homogeneous air/fuel charge. 
In order to obtain improved injected hydrogen plume distribution and penetration, a 
second injector nozzle was manufactured with a five hole pattern with smaller diameter 
holes to promote increased gas velocity. 
4.4.2 Five Hole Nozzle 
The improved nozzle on the injector has 4 smaller holes of ¢1.0 mm drilled on an 8 
mm peD at an angle of 45 degrees to the central axis of the injector body. The aim 
of the smaller hole diameters was to increase the velocity and hence the penetration of 
the hydrogen jets into the bomb. In addition to these holes, a fifth hole was drilled in 
the center of the nozzle along the axis of the injector. This central jet was created to 
overcome the observed poor spatial distribution of injected hydrogen along the axis of 
the injector. 
The injection duration used was 10 ms and the supply pressure was 55 bar, the same 
as was used previously in the four hole nozzle testing. Schlieren photographs of the flow 
field created are shown in Figures 4.14 to 4.21. 
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From t.he preceding figUl'es the following points are evident.: 
1. The delay between when injection is initiated to when the injected plume is first 
visible entering the combustion chamber appears to have been reduced from ~2.0 
ms with the 4 hole nozzle to ~1.8 ms for the 5 hole nozzle. The practical effect 
of this delay is that in an engine operating at 1500 rpm, no hydrogen will actually 
enter the combustion chamber until ~16.2 DCA after injection is initiated. 
2. The injected plume appears to be injected at a high velocity as all the plumes have 
very regular defined shapes and well defined edges. 
3. The plumes are equal in size indicating that there will be equal penetration of the 
hydrogen plumes into the combustion chamber reducing the possibly of incomplete 
mixing and a non-homogeneous air/fuel charge. 
4. The hydrogen plume from the central hole in the nozzle can be clearly seen in the 
center of the photograph behind one of the plumes coming "out of the page" at a 
45° angle (shown most clearly in Figures 4.17 and 4.18). 
It was concluded from the schlieren photographs of the five hole nozzle that it was 
performing far better than the four hole nozzle and that its performance would be satis-
factory for the early direct injection of hydrogen. 
4.5 Modified Spark-plug Injector 
The aim of stratifying the charge by creating a localized "puff" of hydrogen around the 
spark-plug is to take advantage of hydrogen's high laminar flame speed and strong flame 
initiation characteristics. A well developed, regular flame kernel should occur that will 
then propagate into the main methanol air/fuel mixture producing increased combustion 
stability and potential for extending the equipment lean limit. 
Zavier [1991], dUl'ing his research into charge stratification, injected puffs of methane 
around the spark-plug with a modified spark plug arrangement similar to the one being 
used in the current work. The start of the injection of the puff was varied from 50 to 
80 °BTDC. In the absence of any other guidelines it was decided to base preliminary 
calculations on these values. The in-cylinder pressures at 280 ° ATDC and 310 ° ATDC 
were calculated to be 2.4 bar and 5.6 bar respectively for a compression ratio of 10:1. 
5.0 bar was chosen as a bomb pressure suitable to represent the cylinder pressure at the 
time of injection of hydrogen. 
Initial testing revealed that a 10 ms duration injected hydrogen puff was not visible 
around the spark-plug electrodes until approximately 40-50 ms after injection had been 
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commenced. This delay is not acceptable as it corresponds to a delay of 360 - 450 DCA 
in an engine running at 1500 rpm! Several possible explanations were considered such as 
a possible partial blockage of the hypodermic tubing with silver solder, the dead volume 
of the modified spark-plug arrangement being too great or there not being enough holes 
in the spark-plug connecting the central electrode cavity with the hydrogen supply ring. 
Close inspection revealed that there was no blockage in the hypodermic tubing so 
some slots were milled in the spark-plug thread to ensure that the flow of gas to the 
connecting holes was unimpeded (see Figure 4.22). 
Milled Slot and Hole 
Figure 4.22 Modifications to Spark Plug Arrangement 
Subsequent testing of this arrangement revealed a significant difference in the puffs 
that could be obtained. Using the constant light source and a piece of white card as 
a screen, it was determined that a supply pressure of 40 bar and a minimum injection 
duration of 2 ms gave suitably localized mixtures near the spark-plug as far as the naked 
eye could determine. 
The puff initially is very rich depending upon how much air is entrained during the 
injection process. If little or no air is entrained during injection, the puff may not be able 
to be ignited immediately. A delay between the injection and ignition would therefore be 
required to allow time for the injection to occur and a combustible mixture to be formed. 
In an actual engine however, in-cylinder charge motion will influence the puff as it 
leaves the confines of the spark plug body. Zavier [1991] used schlieren photography to 
visualize the effects of in-cylinder charge motion on the injected puff of methane. Zavier 
established the velocity field around the spark-plug location for several different engine 
speeds using hot wire anemometry and replicated it in the constant volume bomb by 
varying the current applied to a small DC fan located in the base of the bomb. A series 
of photographs of the injection process were taken at two different engine speeds, 1000 
rpm (sec Figure 4.23) and 2000 rpm (sec Figure 4.24). Both series of photographs show 
that the injected puff is displaced to one side of the spark-plug by the charge motion 
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instead of t.he maintaining the observed symmetrical distribution from injecting into a 
quiescent mixt.ure. The most likely reason for t.his displacement is due t.o swirl induced 
by the inlet manifold. 
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Figure 4.23 Effect of Engine Speed on Puff - 1000 rpm 
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Figure 4.24 Effect of Engine Speed on Puff - 2000 rpm 
Schlieren photographs for 2 ms (Figures 4.25 to 4.32),3 ms (Figures 4.33 to 4.40) and 
4 ms (Figures 4.41 to 4.48) injection durations are present.ed in t.he forthcoming figures, 
In all three cases the bomb is pressurized with oxygen free nitrogen at 5 bar. 
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From the preceding figures the following points are evident: 
1. The delay between when injection is initiated to when the injected plume is first 
visible entering the combustion chamber is between 1 and 2 ms. The practical effect 
of this delay is that in an engine operating at 1500 rpm, no hydrogen will actually 
enter the combustion chamber until ~9-18 DCA after injection is initiated. 
2. The injected puff velocity is quite low as evidenced in the width of the puff and 
the short distance that it penetrates into the combustion chamber (c.f. the 5 hole 
direct injection nozzle performance in Figures 4.14 to 4.21). 
3. The injected puff appears to be quite turbulent in nature. 
It was concluded that the modified spark-plug injection arrangement tested was 
performing in such a manner that it would be possible to successfully use such a system 
to ignite mixtures in an internal combustion engine. 
4.6 Summary 
From the schlieren photography investigation, the following conclusions are noted: 
o The five hole direct injection nozzle gave the best performance with respect to 
injection delay, plume velocity, plume distribution and plume penetration. 
e At 1500 rpm, no hydrogen will actually enter the combustion chamber until ~16.2 
DCA after injection is initiated . 
• The modified spark-plug injection arrangement, once modifications were carried 
out, is operating in a satisfactory manner. 
~ There appears to be a reasonable amount of air entrainment in the puff. This 
coupled with the effect of charge motion should produce an ignitable mixture at all 
times3. 
3This is in fact what occurred. At no spark timing relative to the injection timing was it impossible 
to ignite t.he air/fuel charge 

Chapter 5 
Data Acquisition and Post-Processing 
This chapter details the development of an engine data acquisition system incorporating 
an optical rotary encoder. The hardware required to ensure the correct phasing between 
the acquired engine pressure data and crank-angle position is described. Detail of the 
software written to acquire and post process the engine combustion data are then out-
lined. The novel method employed to accurately determine the location of the rotary 
encoder index pulse is presented before an analysis of the performance of the data acqui-
sition system as a whole. 
The development of an engine management system based on the output of the rotary 
encoder is presented in Chapter 6. 
5.1 Introduction 
In order to have confidence in the results of a detailed thermodynamic analysis of the 
combustion processes occurring in an internal combustion engine, a great deal of care 
and attention must first be given to ensuring that the pressure/crank-angle data used in 
the analysis is accurate. 
Early in the planning stages of the research, it was determined that it was necessary 
to electronically control two fuel injectors independent of each other: One injector for 
the manifold injection of methanol and one injector for the direct injection of hydrogen. 
As the timing of the direct injection of hydrogen was critical especially in the case of a 
the late puff injection of hydrogen around the spark-plug, a control system allowing the 
injection start and finish crank-angles to be specified would be preferred over a system 
that relied on time differences relative to a known point in the engine cycle. 
The cylinder pressure data acquisition systems that had been previously used on the 
Ricardo E6 engine were time based [Glasson 1992] , [Calvert 1994]. The data acquisition 
card sampled cylinder pressure data that incorporated a known point in the engine cycle 
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at a predetermined internally triggered rate. ~With the knowledge of the sampling rate 
and the engine speed, the number of data points in the cycle could be calculated and 
crank-angles assigned to each data point relative to the known point in the cycle. This 
method has several disadvantages associated with it: 
l. Constant rotational velocity of the crank-shaft is assumed (i.e. no acceleration or 
deceleration of the crank-shaft due to compression or the combustion of the inlet 
charge) 
2. Due to the information required in order to assign crank-angles, it is computation-
ally more intensive. 
3. Due to the need for accurate engine speeds when post-processing, it is unsuitable 
for providing the basis for any real-time IMEP or COY IMEP calculations/displays. 
A more preferable approach from both the computational and accuracy points of 
view would be to trigger the data acquisition externally from a rotary encoder attached 
to the crank-shaft. The output from the rotary encoder would also then be used as 
an input to an engine management system that is able to control injectors based on 
start/finish crank-angles. 
5.2 Rotary Encoder 
The most suitable type of rotary encoder for this application is an incremental rotary 
encoder that provides a train of 0-5 V pulses as it's input shaft is rotated as opposed to 
an absolute position rotary encoder that gives absolute position as an output voltage. 
The data acquisition card will use the rising edge of the rotary encoder output pulses to 
trigger the acquisition of cylinder pressure data. Thus the acquisition becomes crank-
angle position based and is not subject to errors caused by fluctuations in crank-shaft 
speed. 
The encoder purchased was a 3600 pulses per revolution (ppr) optical incremental 
encoderl. A 0-5 V differential line driver output was selected as it would be less sus-
ceptible to electrical noise from the likes of the ignition system. ~ The encoder has three 
output channels, 2 giving 3600 ppr and an index channel. One 3600 ppr channel was 
divided using logic to provide a 1800 ppr channel. The phasing of each of the channels 
relative to each other are given in Figure 5.1. 
From Figure 5.1 the crank-angle that a particular piece of data is acquired at can be 
calculated from the following relationships. 
1 Part Number Bulletin 845K-SADZ14CTY3 
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For the i/h data set sampled at a resolution of 3600 ppr: 
CA i = CAre} + 0.025 + (i -- 1)(6.3600 ) (5.1) 
For the i/.h data set sampled at a resolution of 1800 ppr: 
CAi = CAref + 0.025 + (i - 1)(6.1800 ) (5.2) 
The encoder was initially mounted off the cam-shaft so that there would be an index 
pulse generated only once every engine cycle2 . This proved an unsuitable arrangement as 
the deceleration and acceleration of the cam-shaft due to the opening and shutting of the 
valves adversely affected the accuracy of the cylinder pressure data assigned crank-angle. 
In order to overcome this, the encoder was mounted at the end of the crank-shaft and 
coupled to the crank-shaft with a bellows coupling to account for any mis-alignment of 
the shafts (see Figure 5.2). In order to mask off one of the two index pulses that now 
occurred every engine cycle, a slotted optical switch (SOS) was mounted on the cam-
shaft (see Figure 5.3). The output of the SOS was connected to the index pulse via some 
digital logic that resulted in the desired one index pulse per engine cycle. 
Two different triggering resolutions were used for the purposes of data acquisition. 
The first, a 3600 ppr channel, is used for the purposes of accurately locating the index 
pulse position (see page 72). Data were thus acquired every 0.1 DCA. 
The second, a 1800 ppr channel, is used for triggering cylinder pressure data acqui-
sition resulting in data being sampled every 0.2 DCA. 
5.3 Data Acquisition Hardware 
5.3.1 Data Acquisition Cards 
The data acquisition card that had been previously in the department for engine data ac-
quisition was a Keithly MetraByte DAS-20 [Glasson 1992] , [Calvert 1994]. The DAS-20 
system was however being used by Brown [2001] and therefore unavailable. An Ad-
vantech PCL-818HG data acquisition card was therefore purchased for the purpose of 
providing the basis of the engine data acquisition system. In addition to the data acqui-
sition card, a PCLD-889 multiplexing card and a PCLD-8115D wiring terminal board 
were purchased. The PCLD-889 enables 16 single ended or 8 double ended channels to 
be multiplexed into one PCL-818HG channeL The PCLD-889 is designed to be used with 
thermocouple inputs and features integral cold junction compensation (CJC) circuitry. 
2 A four stroke engine cycle is completed everyone revolution of the cam-shaft or two revolutions of 
the crank-shaft 
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The PCLD-8115D was used to enable ease of connection of inputs to the PCL-818HG. 
A schematic of the data acquisition layout is shown in Figure 5.4. Specifications of 
the individual pieces of hardware may be found in Appendix C on page 233. 
Unfortunately the PCL-818HG data acquisition card was not designed to be con-
nected to the PCLD-889 multiplexing board and the PCL-8115D screw terminal acces-
sory board. This was achieved however with some careful rewiring as shown in Figure 
5.5. Additional software routines also had to be written to allow the PCL-818HG to scan 
the required channels on the multiplexing board (see page 72). 
5.3.2 Piezo-electric Pressure Transducer 
The piezo-electric pressure transducer used for the duration of this work was an AVL 
8 QP 500c water cooled type. The water cooling is a feature essential for the thermal 
protection of the transducer. The transducer was fitted to the head in a custom tapping 
designed by Glasson [1992] (see page 87). 
The output of the pressure transducer was fed to a Cussons charge amplifier to 
convert the charge to a cali brated voltage (see page 107). 
5.3.3 Phasing Board 
The accuracy of the proposed data acquisition system is dependent upon knowing accu-
rately the position of the first piece of data acquired relative to the index pulse. 
This was first attempted using software. The index channel was sampled using the 
internal pacer trigger at 100 kHz. When the index pulse was detected, the PCL-818HG 
was then setup to sample the piezo channel using the external trigger from the rotary 
encoder and data acquisition commenced. The problem was that the time taken to setup 
the board for externally triggered data acquisition was unknown and an unknown number 
of external trigger pulses could pass in the interval before data acquisition begins. This 
problem would increase with engine speed as the setup time would remain fairly constant 
but the time before the first external trigger pulse after the index pulse reduces. 
In order to overcome the problems of sampling more than one channel and software 
setup times, it was decided to implement a solution using hardware instead. A daugh-
terboard was designed that was able to be mounted on the PCL-818HG data acquisition 
board. The requirements of this board were threefold: 
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1. Intercept the external trigger pulses before they reach the data acquisition card 
itself. 
2. Accept the index pulse and a digital output as inputs. 
3. Allow the external trigger pulses to reach the data acquisition board once certain 
conditions have been met. 
The daughter board was designed to be piggybacked on connector CN1 of the PCL-
818HG data acquisition board as this connector carries the required digital output and 
a 5 V power supply. The digital output DOO and the index pulse are fed into a D Flip 
Flop. The index pulse clocks in the digital output (ie the digital output can be high with 
no effect on the output of the D Flip Flop until an index pulse is received). When the 
data acquisition software is initialized and ready for use, the digital output DOO is set 
high (see page 68). With the digital output high and having received an index pulse, the 
D Flip Flop pulls one of the inputs of an AND gate high. The other input to the AND 
gate is the external trigger channel which is now allowed to pass through the AND gate 
to the data acquisition board acquiring the first piece of data. In this manner it is certain 
that the first piece of data recorded is at a crank-angle an eighth of an increment (0.025 
°CA) after the rising edge of the index pulse (refer to the diagram of the waveforms in 
and out of the phasing board in Figure 5.6). The phasing board is shown mounted on 
the data acquisition board in situ in the computer in Figure 5.7. 
5.4 Data Acquisition Software 
The requirements of the research called for two very different types of data to be acquired 
electronically. The first type is the in-cylinder pressure data which must be sampled at a 
high frequency to accurately capture the events that are occurring at high speeds. The 
second type of data is the steady state engine temperature data which does not change 
particularly fast and can be sampled at a low frequency. The approach used for each 
of the two types differs considerably and each will be described separately. All data 
acquisition software was written in the C+ + programming language. 
5.4.1 High Frequency Combustion Pressure Measurement 
The acquisition of data at high frequencies introduces some technical issues which need 
to be overcome. 
In order to perform a valid statistical analysis on quantities derived from engine 
pressure data, many consecutive engine cycles are required. The number of cycles that 
are required in order to achieve the desired accuracy varies according to the extent of 
the combustion variability [Heywood 19881. Brunt and Emtage [19961 proposes that a 
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minimum of 150 cycles but ideally 300+ cycles are requiredo For the purposes of the cur-
rent research project, 350 consecutive engine cycles are acquired and analyzed to ensure 
accurate statistical results, 
Sampling 350 consecutive engine cycles of combustion pressure data at 1800 ppr res-
olution would result in 1800 (ppr) x 2 (revolutions per cycle) x 350 (engine cycles) = 1.26 
million pieces of data! Given the amount of data that was going to be collected and the 
rate at which the data was going to acquired (1800 ppr x 25 rps = 45 kHz), the speed 
with which data could be stored was going to be critical. It was decided to create a 6 MB 
RAM disk out of the 8 MB of random access memory (RAM) that the data acquisition 
computer had installed. Data could then be transferred directly into memory without the 
time penalty associated with accessing the computer's hard drive. At the completion of 
data acquisition, the data file is copied from the RAM drive to the hard drive for storage. 
The PCL-818HG card features a fifo buffer which takes data and puts it in a stack. 
The software merely has to poll the fifo buffer to see if there is any data in it. If there is, 
it is taken from the fifo and copied to a file in the RAM drive, If while this is occurring 
any further data is acquired, it is simply written into the fifo where it waits for the fifo 
to be polled again and to be copied out, 
The required hardware has been previously described on page 65, Data acquisition 
is triggered externally off the rising edges of the 1800 ppr rotary encoder channel thus 
each channel is sampled every 0.2 DCA. 
The routine used to acquire the high frequency combustion chamber pressure data is 
called FIF0118. The operation of the data acquisition routine FIF0118 is shown in the 
flow diagram in Figure 5.8. After acquiring the cylinder pressure data, all steady state 
engine temperatures were acquired and saved to a file (see page 72). 
;:;.4 DATA ACQUISITION SOFTWARE 
START DATA ACQUISITION 
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COPY FILE FROM 
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EXIT 
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5.8 Flow Diagram Showing Operatiou of Data Acquisition ROUtillC FIF0118 
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5.4.2 Low Frequency Steady State Engine Temperatures 
During engine testing, a series of engine steady state operating temperatures were recorded 
and saved to disk for later use each time cylinder pressure data was acquired. The tem~ 
peratures of interest were as follows: 
~ CJC 
tl Ambient Air 
tl Coolant Inlet 
~ Coolant Outlet 
~ Fuel 
~ Oil Inlet 
~ Exhaust 
It was stated on page 64 that because the PCLD-889 multiplexer card was not 
designed to be connected to the PCL-818HG data acquisition board, there are no pre-
written software routines to communicate with a multiplexer board. In order to overcome 
this problem, custom software routines were written to enable a range of multiplexer 
channels to be scanned and their temperatures read. The multiplexer channel selection 
is controlled by a series of digital outputs (connector CN2 bit DO to bit D3). Software 
was therefore written to send the appropriate digital output, read the channel voltage, 
convert the voltage to a temperature and print the result both to the screen and a tem-
perature file (* .tmp) if required. The operation of the multiplexer software is shown in 
the flow diagram in Figure 5.9. 
5.5 Determination of Index Pulse Position 
The position of the index pulse with respect to the crank-shaft position is critical to 
ensure the correct assignment of crank-angle to in-cylinder pressure data as well as en-
suring the correct phasing of injection events with respect to top dead center (TDC) by 
the engine management system. 
Both the data acquisition system and the engine management system are triggered 
by the rising edge of the input square wave form from the rotary encoder. The location 
of the rising edge of the index pulse must therefore be known accurately with respect to 
crank-angle. Heywood [1988] and Amann [1985] suggest that in order to provide accurate 
cylinder pressure verses crank-angle data; the phasing must be correct to within 0.2 DCA. 
DETERMINATION OF INDEX PULSE POSITION 
START TEMPERATURE ACQUI51TION 
CET CJC 
TEWERATURE 
SET OlGITAL OUTPUT 
rOR FIRST CHANNEL 
PERFDRM DIGITAL 
OUTPUT 
READ CHANNEL VOLTAGE 
CONVERT mv TO ~c & 
PRINT TO SCREEN 
RETURN TO MAIN MENU 
DO .. DO + 1 
Figure 5.9 Flow Showing Operation of Multiplexer Software 
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Accurate phasing of cylinder pressure with crank angle data is critical when performing 
a thermodynamic combustion analysis. For the purposes of index pulse location, the 
3600 ppr resolution is used which triggers the data acquisition every 0.1 DCA. Thus the 
position of the leading edge of the index pulse should be able to be found to an accuracy 
of ± 0.05 DCA. 
A method is required that relates the data acquired (triggered by the rising edge of 
the rotary encoder output pulses) to the position of the piston. The traditional method 
of determining TDC in a reciprocating engine by using a dial gauge to mark the flywheel 
at TDC [Lancaster et at. 1975] is not suitable as it is does not relate crank-angle position 
to the electronic data that is acquired. 
A simple method based on that of the dial gauge was devised and implemented. A 
simple electric circuit was formed as shown in Figure 5.10. The head is removed and 
replaced with a spacer to allow access to the piston for the dial gauge. The dial gauge 
is insulated electrically from the engine block by teflon sheeting. As the piston travels 
upwards, it makes contact with the dial gauge at around 30 DCA before TDC while there 
is still a large amount of piston movement given by small rotations of the crank-shaft. 
The circuit remains complete as the piston moves past TDC and is broken at the same 
point after TDC. The calibration setup is shown in Figure 5.11. The data acquisition 
system is triggered externally by the 3600 ppr channel and is sampling the voltage of the 
circuit. The resultant output file contains a particular number of +5 V pieces of data 
corresponding to when the dial gauge was in contact with the piston. Assuming that 
electrical contact should be broken at the same value of crank-angle before and after 
TDC, the middle data point represents the piston position at TDC. Post-processing the 
resultant data file assigns crank-angle data to the voltages according to an initial guess as 
to where the rising edge of the index pulse is. By looking to see the crank-angle that has 
been assigned to the middle data point, the error in the initial guess at the position of the 
rising edge of the index pulse is easily calculated and the correct value of the rising edge 
of the index pulse calculated. The data file can then be re-processed using the corrected 
value for the rising edge as a check. 
During an actual index pulse position calibration, data was acquired from 10 consec-
utive crankshaft revolutions (and therefore 10 contacts of the dial gauge with the piston). 
Typically there would be around 1000 data points acquired during the period that the 
electrical circuit is complete (i.e. at a sampling resolution of 0.1 DCA this corresponds to 
a contact duration of approximately 100 DCA). Typically the variation in the number of 
data points acquired during each contact period was ±2. The index pulse position was 
calculated from an average of all 10 crankshaft revolutions. Thus the assumed accuracy 
of the index pulse calibration method of ± 0.05 DCA (see above) is justified. As a check 
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for an ofFset gudgen pin the calibration routine was carried out while reversing the di-
rection of the crankshaft revolution. The calculated index pulse position (CArel) was 
540.225 DCA. The calculated index pulse position was in agreement with that calculated 
when the crankshaft is rotated in the correct direction indicating a central gudgen pin. 
5.6 Cylinder Pressure Data Analysis 
5.6.1 Absolute Pressure Referencing 
Piezo-electric pressure transducers measure only changes in pressure rather than absolute 
pressure. In order to determine absolute cylinder pressures, a means of referencing the 
measured pressure to the absolute pressure is required. One method that is commonly 
used is to assign the pressure at bottom dead center in the inlet stroke the value of 
the mean inlet manifold pressure [Lancaster et al. 1975] , [Amann 1985] , [Brunt and 
Pond 1997]. At this point the piston is stationary and the fluid motion through the inlet 
valve is minimal, thus the pressure drop over the valve is negligible and the assumption 
that the bulk chamber pressure being the same as the mean manifold pressure is reason-
able. 
The mean inlet pressure was measured via a tapping in the inlet manifold next 
to the cylinder head. The pressure tapping was connected to a hand held electronic 
digital barometer (Airflow digital barometer DB1) which gave a pressure readout in 
mbar. Prior to engine testing the digital barometer was calibrated against a precision 
aneroid barometer to ensure an accurate mean inlet manifold pressure. 
5.6.2 Indicated Mean Effective Pressure (IMEP) 
Indicated mean efFective pressure is a very important engine performance variable and 
one which is used extensively in engine development. Indicated quantities are calculated 
directly from the p-V diagram of an engine and are used primarily to identify the impact 
of the compression, combustion and expansion processes on engine performance [Hey-
wood 1988] , [Brunt and Emtage 19961. 
The gross indicated mean efFective pressure (IMEPq ) quantifies the work delivered 
to the piston by the gases in the cylinder during the compression and expansion strokes 
of the cycle only. It represents the work available to overcome the pumping work, all 
other engine losses (friction) and provide useful work at the engine's output shaft. The 
pumping mean efFective pressure (IMEP p) quantifies the work done by the piston on the 
cylinder gases during the exhaust and induction strokes only. The net indicated mean 
efFective pressure (IMEPnJ is therefore the summation of IMEPq and IMEP p' 
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Figure 5.10 Index Pulse Position Circuit 
'-L(i CYLl! DEft PRESSURE DATA ANA LYSIS 77 
Figure 5.ll [nd cx P uis!' Positio n 'alibmtiOIl 
78 CHAPTER ,J DATA ACQUISITION AND POST-PROCESSING 
IMEP" = IMEPg + INIEPp (5,3) 
IMEPq is commonly used to identify the effects the combustion process has on engine 
performance [Heywood 1988] and for the purposes of this research is considered to be the 
most appropriate quantity to use, IMEPq is the measure of thermodynamic work done by 
the combustion gases on the piston face during the compression and expansion strokes, 
It is obtained by calculating the integral of p.dV over the compression and expansion 
strokes divided by the swept volume of the engine. 
Brunt and Emtage [1996] conducted an evaluation of five of the different algorithms 
that can be used to carry out the required integration. vVith crank-angle resolutions 
of 1 degree and less, the differences between the quantities calculated by each of the 
algorithms were negligible. They suggest that the choice of algorithm should therefore 
be based on computational effort. Their recommended algorithm is as follows: 
IMEPg b.e "".i=540, (') dV(i) Vs . Di=180P 2 . ~ (5.4) 
At the time of writing the IMEP g post-processing code however the paper by Brunt 
and Emtage was not yet available so the following algorithm was used in the work. 
IMEPg 2 .1V
s 
I;i~~~g[p(i) + p(i + 1)] . [V(i + 1) - V(i)] (5.5) 
At the crank-angle resolution being employed, the two algorithms will yield almost 
identical results. IMEP g calculations do not need the measured cylinder pressures to 
be referenced to an absolute pressure as is required in order to calculate peak cylinder 
pressures. However the IMEP g calculation is very sensitive to the phasing of pressure 
data to crank-angle data. 
5.6.3 Indices of Compression and Expansion 
For the purposes of performing a mass fraction burned (mfb) analysis on the cylinder 
pressure/crank'angle data, it is necessary to calculate appropriate values of the indices 
of compression (ne) and expansion (ne ) for each individual enginc cycle. The indices 
are calculated by fitting a line of best fit to the appropriate part of the logarithmic p-V 
diagram for that particular enginc cycle. 
5.6 CYLINDER PRESSURE DATA ANALYSIS 79 
nc has to be evaluated after the inlet valve has closed (216 ° ATDC) but before the 
combustion process begins. Thus nc is evaluated over the range of crank-angle values 
from 220 to ~320 ° ATDC. This method will yield accurate values of nc for the manifold 
injection of hydrogen but will overestimate the value of nc for the direct injection of 
hydrogen due to the addition of mass during the compression process (see also page 152). 
ne has to be evaluated after the combustion process has been completed but before 
the exhaust valve opens. An algorithm can be used to calculate the estimated end of 
combustion (EEOC) [Brunt and Emtage 1997]. The EEOC is the crank-angle at which 
the expression: 
(5.6) 
reaches a maximum value. ne is evaluated over a 40 DCA range of crank-angle values 
from EEOC + 10 DCA to EEOC + 50 DCA. 
5.6.4 Mass Fraction Burned Analysis 
In order to quantify the effects of hydrogen supplementation on the combustion process 
itself, a mass fraction burned analysis is performed on the cylinder pressure data. 
The results of a mfb analysis show how the combustion process progresses as a 
function of crank-angle. The mfb analysis allows the effect of combustion on cylinder 
pressure rise to be separated from changes in cylinder pressure that are due to changes in 
cylinder volume. The variation of the mass of fuel burnt with crank-angle gives a direct 
indication of how the combustion has proceeded [Shayler et at. 1990]. The rate that the 
combustion process occurs and it's phasing with respect to crank-angle is a important 
factor which affects [Brunt and Emtage 1997]: 
~ power output 
• thermal efficiency 
• peak cycle pressures (temperatures) 
• exhaust emissions 
Mass fraction burned profiles are widely used to characterize the different phases 
of combustion in spark ignition engines [Heywood 1988] , [Rauckis and McLean 1979]. 
Combustion phases are usually expressed as a duration in DCA that it takes for the 
mfb to reach a specified value [Brunt and Emtage 1997]. The definition of the various 
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combustion phases are arbitrary and made to allow discussion of the results in a manner 
consistent with previous investigations. The following definitions are most commonly 
used [Rauckis and McLean 1979]. 
41 0-2% mfb Ignition delay duration, Dei 
41 2-10% mfb Flame development duration, Ded 
• 10-90% mfb Rapid-burning duration, Deb 
CI 0-90% mfb Overall combustion duration, Deo 
A mfb analysis can be carried out using two main methods. 
The first of these methods is known as a heat release analysis. One of the most 
important pieces of information available to the combustion researcher is the measured 
cylinder pressure/volume history. The cylinder pressure is affected by not only the com-
bustion process but also changes in cylinder volume, heat transfer, crevice flows and mass 
loss. In order to accurately examine the combustion process, the effects of combustion 
must be separated from these other influences. This is done by applying the First Law of 
thermodynamics to the cylinder contents while the inlet and exhaust valves are closed. 
This type of analysis is known as a "heat release analysis" [Chun and Heywood 1987]. 
Heat release models require the input of an array of operating conditions, unburnt and 
burnt mixture properties, combustion heat transfer details as well as engine design details 
[Krieger and Borman 1966] , [Gatowski et al. 1984]. These models are however compu-
tationally quite intensive and their accuracy dependent on the quality of the information 
given. Before the model can be used it must be validated against actual engine test 
data and pressure traces. One of the major advantages of a properly validated first law 
thermodynamic model however is that is can be used as a predictive tool in engine design 
and combustion analysis. 
The second commonly applied technique for estimating the mfb profile for a par·· 
ticular engine cycle from pressure/volume data and the one used in this work is that 
developed by Rassweiler and Withrow [Gatowski et al. 1984] , [Amann 1985] , [Hey-
wood 1988] , [Shayler et al. 1990] , [Brunt and Emtage 1997] , [Ball et al. 1998a] , [Ball 
et al. 1998b]. This method assumes that in any crank angle interval the total cylinder 
pressure change, DP comprises of a pressure change due to volume change, Dpv and a 
pressure change due to combustion, DPc i.e.: 
DP (5.7) 
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where 
[(lI;)n 1 Pj - Pi = Pi ~ - 1 (5.8) 
and 
(5.9) 
The Rassweiler and 'Withrow method, despite its inherent simplifications and as-
sumptions, has been shown to give results that are in close agreement with other more 
complex methods. Due to it's ease of application and good agreement with more complex 
models, the Rassweiler and Withrow method will continue to be a favored approach to 
combustion analysis [Shayler et al. 1990] , [Brunt and Emtage 1997] , [Ball et al. 1998a]. 
The Rassweiler and Withrow mfb analysis method will be used throughout this work to 
analyze the acquired engine pressure traces. 
5.7 Post-processing Software 
A C++ program called FOURSTR1 was written to post-process the raw combustion pres-
sure data. The program incorporates all of the calculations mentioned in this chapter. 
A flow diagram giving the steps that occur as the data are analyzed is shown in Figure 
5.12. The post-processing requires more than one pass over the data so the data is read 
from and written to several intermediate files during the process. 
As well as calculating the quantities of interest for each individual engine cycle, basic 
statistical data for each of the quantities is calculated over the 350 consecutive engine 
cycles recorded. The statistics calculated were the average and standard deviation of 
the sample and from these the coefficient of variation (COV). The COY of a quantity is 
calculated as follows using IMEP as an example [Heywood 1988] , [Ozdor et al. 1994]: 
COVIMEP CJIMEP x 100(%) IMEP (5.10) 
The COY of a quantity is useful as it gives a measure of cycle-by-cycle variability at 
that particular engine operating condition. The two most commonly reported quantities 
used to define cycle-by-cycle variability are IMEP and peak cylinder pressure (Pma:JJ 
COY IMEP is preferred to COY Pma.:£ as COY P mal; is affected by changes in spark 
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timing [Ozdor et oL 1994], 
All pressure derived quantities that are presented, either graphically or quoted in the 
text, are the average values calculated over 350 consecutive engine cycles, 
The following output files are produced: 
1. Information File (* .inf"). This file contains all relevant information pertaining to 
the particular test point that the pressure data was acquired at. 
2. Pressure Summary File (*.max). This file contains the maximum pressures and 
rates of pressure rise for each engine cycle as well as the crank-angles that they 
occur at, 
3. Ensemble File (*.pvd). This file contains the ensemble averaged engine cycle. 
4. IMEP File (*.mep). This file contains both the IMEPg and IMEPn for each engine 
cycle. 
5~ Mass Fraction Burned File (*.mfb). This file contains the following values for each 
engine cycle: nc , ne , EEOC, Dei, 2% mfb CA, Ded, 10% mfb CA, Deb, 90% mfb 
CA, Deo . 
6. Temperature File (* .tmp). This file contains all the temperatures that were read 
at the time that the cylinder pressure data was acquired. 
7. Summary File (*.sum). This file contains all the key values from the previous files, 
comma delimited, to be read into a spreadsheet by a purpose written macro. 
EXCEL spreadsheet's were used to collate the manually recorded engine data and 
values calculated from the engine data acquisition and post-processing programs. Engine 
data was manually entered while the post-processing data was read in from the * .sum 
files by a purpose written macro. Further calculations were performed on the engine data 
to determine engine performance parameters (see Sections E.1 to E.12 starting on page 
239). All relevant graphs were plotted within EXCEL. 
5.8 Analysis of Cmnplete Data Acquisition System 
One of the most useful tools in determining whether the data acquisition system as a 
whole is operating correctly is to analyze the results of motored engine cycles [Lancaster 
et al. 1975] , [Heywood 1988]. 
5.8 ANALYSIS OF COMPLETE DATA A.CQUISITIO:-r SYSTEM 
START rOllRS1Rt 
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Figure 5.12 Flow Diagram Showing Operation of t'ost-pr,)c(~SSJlllg Program FOURSTRl 
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Motored engine data differs from fired engine data in that it does not have in-
homogeneous mixture compositions, high heat transfer rates and other combustion in-
duced effects such as varying polytropic indices [Lancaster et al, 1975]. The motored 
data also exhibits low cyclic variability. 
A logarithmic p-V diagram from a motored engine provides a great deal of informa-
tion about the scaling and phasing of crank-angle/pressure data as well as transducer 
performance [Lancaster et al. 1975] , [Heywood 1988]. Logarithmic plots are used to 
check the following points [Lancaster et al. 1975]: 
1. The use of the correct reference pressure when converting the recorded pressure 
signals to absolute pressures (incorrect assignment indicated by curvature early in 
the com pression stroke). 
2. The use of the correct clearance volume (incorrect assignment indicated by curva-
ture late in the compression stroke). 
3. The correct phasing of the pressure/ crank-angle data (incorrect phasing will result 
in there being a cross-over of the compression and expansion lines i. e. the expansion 
pressure will be greater than the compression pressure!). 
4. The correct scaling is used (incorrect scaling will result in the slope of the com-
pression line (-n) lying outside the expected range of 1. 24 to 1. 35). 
Figure 5.13 shows a logarithmic p-V diagram from the test engine (CR = 8:1). 
Careful observation of Figure 5.13 reveals that the correct reference pressures and 
clearance volumes were used and the phasing of the pressure/crank-angle data is correct. 
Further analysis of the original data showed that the slope of the compression line was 
calculated to be 1.34. 
Thus is was concluded that the data acquisition system as a whole is performing 
acceptably and that the resulting data can be analyzed with confidence. 
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Chapter 6 
Engine Test Cell Preparation 
This chapter describes the test apparatus which was used for the duration of the engine 
testing. Modifications made to the standard Ricardo E6 engine are presented before 
the development of the engine management system is described. The fuel injection and 
supply systems are then outlined before the test cell safety system and instrumentation 
is described. The engine test procedures can be found in Chapter 7. 
6.1 Engine Modifications 
The Ricardo E6 engine used in the experimental work differs from that of the standard 
factory model in the following ways. 
6.1.1 Cylinder Head 
The original Ricardo E6 cylinder head had been modified previously by Glasson [19921 
to incorporate a pressure transducer tapping in addition to the standard two spark plug 
tappings. The condition of the original head was deteriorating and the prohibitively 
large cost! of a genuine Ricardo cylinder head resulted in an alternative solution being 
sought. The original cast iron Ricardo E6 cylinder head was replaced by a locally man-
ufactured2 aluminum cylinder head prior to the commencement of this research project. 
The replacement head incorporated the following features: 
.. An integral MI0 x 1 hole to allow for the installation of a combustion pressure 
transducer 
~ Valve seat angles changed from 45° to 30° due to there being no cast iron valve 
inserts 
411 Valves changed to Holden valves 
ill Original double spring arrangement replaced by single Holden springs 
1 In excess of £3900 - May 1991 
2Cast and machined by Colin Lyster, 62 Point Rd, Monaco, Nelson 
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wi t h til(' addi t ion of c\ prTssnr(' t n-lllstill('('r t,itppill~ ill tit(' S,)I[I (' oril'utal iUII as thai lLsccl 
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6.1.2 Cam-shaft Cover 
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developed 011 pagl~ 40 is ullabk to be snpport,cd by t,ltc t ltill ItY]lotlr'l'I11ic t ul,)(' which 
curme ts the illje ·(.or t.o t ill' modified spark plug (sec F igu fI' :1. 7). G lasso\l I u:m2) i>tlso 
lIS!'r! the front spark plllg hoi, to in.~ta ll his liyclrop;en injc 'tor aHcl had COIWCrIIS abo1lt. 
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6.1.3 Crank-case Burst Disk 
Glasson [1992] identified the possibility of a combustible mixture being formed in the 
crank-case of an engine when fuelled on hydrogen due to leakage of gas past the piston 
rings. Although no reports of such an explosion could be found, Glasson replaced one 
of the existing crank-case side vents plates with a perspex burst disk and a plate steel 
surround. The purpose of the burst disk is to control the effects of an explosion by 
directing the explosive force in a direction that will not result in damage to the engine 
or harm to anyone in the vicinity of the engine. 
6.1.4 Inlet Manifold 
The original Ricardo E6 inlet manifold was replaced with a custom designed manifold 
to allow the manifold injection of hydrogen. The development and manufacture of this 
manifold has been previously described on page 35. 
6.1.5 Inlet Air Heating 
One of the major differences between the physical properties of gasoline and methanol is 
in their respective latent heats of vaporization. Methanol has a latent heat of vaporiza-
tion ;::::: 3 times greater than that of gasoline (1100 kJ /kg c.f. 330-400 kJ /kg - see Table 
B.1 on page 229). This combined with a methanol flow rate of;::::: 2.3 times greater than 
that of gasoline (see page 92) results in the cooling effect of methanol being;::::: 7 times 
greater than that of gasoline. Although the associated increase in evaporative cooling of 
the inlet charge offers the potential of higher engine output powers (see page 3), excessive 
inlet charge cooling can lead to some combustion related problems. 
Liquid methanol impinging directly onto the cylinder wall has been reported to lead 
to increased wear of the cylinder lining [Ryan et at. 1981] , [Owens et at. 1982] , [Ryan 
et at. 1986]. The mechanism proposed for the increased wear is the products of methanol 
combustion form formic acid which attacks the cast iron cylinder wall forming iron for-
mate. The iron formate is scraped away by the action of the piston rings over time. 
The second problem encountered is one of poor mixture formation. Poorly vaporized 
air/fuel mixtures lead to excessively long ignition delay durations, slower flame speeds, 
increased wall quenching, increased cyclic variability and increased emissions. 
The conventional way to overcome these problems is through heating of the inlet air 
mixture usually via modified inlet manifolds that incorporate heating using the engine's 
cooling water. For the purposes of this research, an inlet air heater designed and used 
previously on a Ricardo engine [Chen 1991] was fitted to the inlet manifold after the 
<)0 HArTER Ii ENG I: E TE T CELL PRI ':!" ll AT ION 
Vi!:iCOll~ ai r How IIlN,(, ] (:-ie'(' PiV;11l(' :\.11.) . 
T lte' cont.wl of tile illld, air heat-,('l WitS (til a.r('(1 t,hat. wus carcflllly loo ked at. A f( '<'d-
back co ntrol s.Y~t.ell1 based Oil the i.enqH'rat,ull' of the' illiet air mixtme as il ('ntr'rs t il<' 
head of the en)?;inc was wl1si(\e("ed, This cOJlt.rol sC<' lrariu would ideally result, ill the' inlet· 
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The controller enables the output of the inlet air heater to be set at any level between 
o and 100% in 1 % increments. This is achieved by clipping the AC waveform of the input 
voltage to the heater. 
Inlet air heating also reduces the volumetric efficiency of an engine by reducing the 
density of the induced air. Hydrogen being a gaseous fuel has a low specific density. When 
introduced into an engine via manifold injection, hydrogen displaces air that would oth-
erwise have been induced and thereby reduces the volumetric efficiency of the engine. 
In order to separate the effects of inlet air heating on volumetric efficiency from that of 
hydrogen addition, a constant level of inlet air heating was selected to provide adequate 
mixt ure preparation over the experimental operating range4 . Thus the only variable af-
fecting volumetric efficiency is the amount of hydrogen supplementation. 
6.2 Engine Management System 
An engine management system (EMS) to control the Ricardo test engine was designed 
and built within the department in conjunction with the data acquisition system previ-
ously described in Chapter 5. 
The requirements of the system were to be able to accurately control both the 
methanol and hydrogen injectors. 
The system consists of three main modules, a user interface, a micro-controller and 
an injector driver board. A constant current drive was used to speed up the opening time 
of the injectors. The injector outputs are opto-isolated to prevent the possibility of dam-
age to the micro-controller from any failure in the injector drivers. The programmable 
chip used was a Motorola 68 HCll E2 and was programmed in assembly langllage. The 
software requires accurate knowledge of the index pulse position as all counters are re-
set when the index pulse is detected. Thus if the rotary encoder is removed from the 
crank-shaft, the new position of the index pulse will need to be determined (see page 
72) and changed in the software. The software can be modified on a host computer and 
downloaded via a serial link. Input signals from the three rotary encoder channels are 
received and the two 3600 ppr channels merged into one 7200 ppr channel. Thus the 
current crank-angle position is known in 0.05 DCA steps from the index pulse position. 
The user interface allows the crank-angle at which each injector is opened and closed to 
4During preliminary engine t.est.ing it. was found that a setting of 30% on the controller kept the inlet 
manifold temperature above about. 12 DC at. A = 1.0 and HEF = 0% while keeping the temperature at 
higher values of A and HEF from being excessive. This level of inlet air heating corresponds to addition 
of ~ 364 watts with an input voltage of 240 V) 
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Given that the respective specific gravities of methanol and gasoline are approximately 
the same, the volumetric fiowrate of methanol is therefore approximately 2.3 times greater 
than that of gasoline. 
The injector used for the manifold in.iection of both gasoline and methanol was 
from a Mazda RX7 turbo (part number N326 13 250) that had previously been used by 
Cree [1992] in his work. Cree selected this particular injector as it has the largest volu-
metric How rate (0.5 l/min) of all the injectors that he tested at a fixed supply pressure 
(2.5 bar). 
6.3.2 Hydrogen Injector 
The injector configurations used for the direct injection of hydrogen have been previously 
described in Chapter 3. 
6.4 Fuel Supply System 
The hydrogen enhanced combustion experiments carried out required the used of two 
distinctly different fuelling arrangements. The fuel supply system used for each of these 
is described below. 
6.4.1 Methanol Fuel Supply 
The fuel supply system used for the methanol was the system originally supplied with 
the Ricardo E6 for use with gasoline with some modifications. 
A constant head supply system was fitted to provide a constant head to a methanol 
resistant fuel flow meter (see page 97) in accordance with the manufacturers recommen-
dations. Occupational Safety and Health (OSH) regulations required that the 15 liter 
fuel tank used to hold the methanol be fitted with quick release fittings so it could be 
stored in the fuel store when not being used. An automotive fuel pump was positioned 
at the outlet of the tank to pump the fuel up to the constant head tank. The constant 
head tank has two outlets, one at the bottom leading to the How meter and an overflow 
outlet that returns to the fuel tank. The existing gasoline fuel container was left in place 
to enable methanol to be flushed from the fuel line when required. A three way valve 
was used to switch between the original fuel system and the new constant head fuel How 
meter system. Methanol was supplied to the engine at a pressure of 2.5 bar by the Bosch 
fuel pump from the original gasoline fuel supply system. The liquid fuel supply system 
is shown in Figure 6.4. 
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It was found during experimentation that the methanol fuel flow rate reading was 
becoming quite erratic at times causing inaccuracy in the fuel flow rate value used to 
calculate the relative air/fuel ratio. Two causes were identified and steps were taken to 
minimize their effects. 
Firstly the presence of air or fuel vapor in the fuel line was identified as being a cause 
of concern. The Pierburg methanol flow-meter (see also page 97) operates on a positive 
displacement principle. Thus any vapor or air in the fuel line will cause apparent varia-
tions in the flow-rate due to the compressiblility of the gas. This problem was overcome 
in part by carefully bleeding the fuel line to ensure no air was trapped within it. In 
addition, during engine operation, the fuel is heated as it passes through the fuel pump. 
This heating effect is exasperated as the bulk of the fuel flow is recirculated back through 
the fuel pump via a pressure relief valve while a smaller quantity flows through to the 
injector. The recirculation and reheating of the majority of the fuel causes it to heat 
up forming fuel vapor. To overcome this problem, the fuel supply system incorporates a 
heat exchanger in the recirculation line. To minimize the possibility of fuel vapor forming 
during engine testing, it was ensured that the water supply to the fuel heat-exchanger 
was turning on at full flow. This was noticed to significantly reduce the variability of the 
fuel flow readings. In addition the vapor trap which is located just above the fuel pump 
was cleared at regular intervals during the testing procedure. 
The second cause identified was the Pierburg flow-meter itself. Although the flow-
meter is purported to be methanol resistant, it was found that the flow-meter did suffer 
from poor lubrication when allowed to sit containing methanol for long periods of time. 
To overcome this the flow-meter was periodically flushed with castor oil during the testing 
program. In addition if the flow-meter was to remain unused for a period of time, the 
system was flushed through with gasoline. For storage for long periods of time, the 
flow-meter was filled with a light oil as per the manufacturers instructions. 
6.4.2 Hydrogen Fuel Supply 
The requirements of the three proposed combustion systems under investigation call for 
two different hydrogen supply systems. The first, a low pressure system, is required to 
provide low pressure hydrogen for untimed manifold injection. The flow rate of hydrogen 
is controlled by variation of the supply pressure. The second, a high pressure system, 
is required to provide high pressure hydrogen to the hydrogen injector for early direct 
injection system and modified spark-plug system. 
In order to comply with OSH regulations, the bulk hydrogen supply is located outside 
the laboratory buildings in a well ventilated storage building. The hydrogen was piped 
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electricity supplies to the gas sensors are cut off, the fans in both test cells are activated 
and the normally closed air actuated ball valve is closed preventing hydrogen from en-
tering the laboratory wing. 
During the course of the research, the safety system was tripped on several occasions 
and in every case the system operated faultlessly and the potential hazard eliminated by 
the fans. The cause of the leak could then be traced and repaired. 
6.6 Instrumentation 
6.6.1 Data Acquisition System 
The data acquisition system described previously in Chapter 5 was installed in the test-
cell. 
6.6.2 Methanol Flow Measurement 
The measurement of methanol flow rates during engine testing was carried out using a 
Pierburg methanol resistant high precision flowmeter (PLU l03A). The principle of op-
eration is that of a positive displacement type and gives a frequency output proportional 
to the volumetric flow rate of the fluid being measured. A display unit was designed 
and built within the department which converts the frequency output to a volumetric 
flowrate, incorporating the manufacturers calibration report in the process to ensure 
greatest accuracy. A liquid crystal screen displays the flow in liters per hour. 
6.6.3 Hydrogen Flow Measurement 
The measurement of hydrogen flow rates during testing was accomplished using a Hast-
ings Instruments mass flow meter (HFM-201). Signals from the flowmeter unit are sent 
back to the power supply unit which processes the signal and displays the gas flow in 
SLPM nitrogen equivalent on a liquid crystal display. The calculation used to convert 
the flow reading from SLPM nitrogen to kg/sec hydrogen is given in Appendix E.2 on 
page 239. 
6.7 Calibration of Fuel Supply Systems 
6.7.1 Pierburg Flow Meter 
After installation of the Pier burg high precision flowmeter and display unit in the testcell, 
a calibration test was carried out. The Mazda fuel injector was removed from the inlet 
manifold and positioned above a graduated measuring cylinder. The engine was motored 
98 CHAPTER 6 ENGINE TEST CELL PREPARATION 
at 1500 rpm with the fuel injector start/finish crank-angles set to give a flow raJ,e of 3.5 
litres/hour. The time taken to inject a known quantity of gasoline was ~,hcn measured. 
The measured flowrate and the flowrate displayed given by the fiowmeter agreed to within 
1 %. Thus the liquid fuel measuremeIl~, syst.em was considered t.o be accurate. 
6.7.2 Alcock Viscous Flow Air Meter 
During preliminary gasoline engine testing, a calibration check was made on both the 
air measurement. and liquid fuel measurement systems using a Bosch exhaust lambda 
sensor. The engine was run at 1500 rpm and t.he fuel fiow rate adjust.ed so t.hat the 
lambda sensor output. voltage was 0.4 V indicat.ing a stoichiometric mixt.ure was being 
combusted. The recorded fuel flow rat.e (2.298 litres/hour) and viscous air flow air meter 
manomet.er reading (78 mm H20) were input. into a spreadsheet writ.ten to calculate t.he 
value of .A t.hat the engine is being run at. (LAMBDA GASOLINE.xls) which is based 
on combust.ion stoichiometry (see also page 102). The spreadsheet calculat.ed the engine 
operating point. to be in fact .A = 0.98. Given that t.he measurement of liquid fuel flow 
rates were known to be accurate (see previous paragraph), the air flow rat.e measurement. 
was suspected to be inaccurate. 
The inclined manometer of t.he viscous air flow meter contains a paraffin based liquid 
of a particular specific gravit.y. The manomet.er is set on an angle of 30° 0" to allow small 
changes in pressure to be distinguishable. The scale is calibrated t.o show pressure differ-
ent.ials in mm H20. A precision water manometer was borrowed from the Department's 
aeronautics laboratory to compare wit.h the readings given by the inclined manometer 
(used in conjunction wit.h the viscous air flow met.er). An induced pressure different.ial 
of 78 mm H20 as measured by t.he inclined manometer corresponded t.o a pressure dif-
ferential of 80 mm H20 as measured by the precision water manometer. Adding 2 mm 
to the inclined manometer reading used when calculating the value of .A in the previous 
paragraph resulted in the calculated value of .A to be 1.0, which agrees with the output 
of t.he Bosch exhaust lambda sensor. 
To adjust the inclined manometer to give correct air flow readings in the future, 
it was decided to adjust the angle of the inclined manometer rather than try t.o adjust 
the specific gravity of the fluid. A pressure differential of 100 mm H20 (as measured 
by the precision manometer) was induced. The angle of the inclined manomc:ter was 
adjusted from 30° 0" to 29° 28" so that the inclined manometer also read 100 mm H20. 
The pressure was slowly released and consistency bet.ween the two manomet.er readings 
checked over the full inclined manometer scale. 
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6.7.3 Hydrogen Mass Flow Meter 
The Hastings Inst.rument.s mass fiow meter used for t.he measurement. of hydrogen fiow 
rat.es during this project. was supplied with a current. factory calibration certificat.e along 
with conversion factors. The equation used to convert the displayed flowrate in slpm N 2 
to mH2 is given in Appendix E.2 (Equation E.2). The manufacturer's supplied equation 
and calibration report were assumed to be accurate. No attempt to verify the calibra-
tion of the mass flow meter was made due to the unavailabilit.y of a device of sufficient 
accuracy with which to compare. 
Because of the low hydrogen energy fraction's (HEF's) that the majority of the work 
was carried out with, it was thought that any small inaccuracies in the measured hydrogen 
fiowrates will not have a significant effect on the accuracy of the calculated values of A. 
A similar argument also applies for the calculation of HEF's. 
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Chapter 7 
Experimental Procedures 
This chapter builds on the description of the experimental apparatus described in Chapter 
6. Details of fuel preparation, engine testing philosophy and spark timings used are 
presented. A description of the exhaust emission testing equipment and procedures used 
then follows. The procedures developed for the calibration of the piezo-electric pressure 
transducer, electronic data acquisition, engine operation and testing are then presented. 
7.1 Methanol Fuel Preparation 
Methanol is a fuel that has poor lubricating properties compared with gasoline. In a 
conventional gasoline fuelled engine system, the gasoline provides the necessary lubrica-
tion for the fuel pump. In order to improve the lubrication properties of methanol, it 
is common to mix 1-2 vol% castor oil with the methanol. Castor oil is used because it 
dissolves in methanol and does not separate as happens with mineral oils [Cree 1992]. 
The methanol used throughout this project was purchased in 200 liter drums from 
Mobil Oil NZ Limited. The bulk methanol supply was stored in the Department's fuels 
store adjacent to the thermodynamics laboratory. Prior to engine testing, a 15 liter tank 
was filled in the fuel store and 1 vol% castor oil added. The tank was shaken to ensure 
thorough mixing before being installed in the test cell. There has been no reports in 
previous investigations of castor oil having any identifiable effects on the combustion 
process in an engine. 
7.2 Throttle Plate Position 
One of the major objectives in current internal combustion engine research is the improve-
ment of part load engine efficiency (see page 7). As was stated in Chapter 1 hydrogen, 
through it's high flame speed and it's wide flammability limits, allows a supplemented 
engine to be operated over a wide range of air/fuel ratios without requiring inlet air 
throttling. This reduces the volumetric efficiency and pumping losses, further enhancing 
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part load fuel economy. Conseqllently all engine testing conducted in this investigation 
was performed at the wide open throttle condition. 
7.3 Air /Fuel Ratio 
A decision was made on what changes to the engine's operating condition would be 
the basis for analyzing the effects of hydrogen enhanced combustion. There were three 
practical possibilities: 
1. Maintain constant quantity of injected methanol and add varying levels of hydrogen. 
2. Maintain constant total fuel energy (MeOH + H 2 ) and vary the overall air/fuel 
ratio. 
3. Maintain constant overall air/fuel ratio and vary the percentage of total charge 
energy provided by hydrogen supplementation. 
Changes in air/fuel ratio have a more pronounced effect on combustion than does 
changes in the total charge energy [Heywood 1988] thus any changes in combustion char-
acteristics could be argued to be due to the change in air/fuel ratio and not the addition 
of hydrogen. It was decided that option three was the most suitable engine fuelling 
option. During testing the quantity of methanol and hydrogen supplied to the engine 
was varied whilst maintaining the specified overall relative air-fuel ratio. The amount of 
hydrogen supplementation is denoted by the % of total fuel energy that is contributed by 
hydrogen, the Hydrogen Energy Fraction (HEF) [Rauckis and McLean 1979]. In order to 
fuel the engine in the specified manner, an Excel spreadsheet was developed (LAMBDA 
METHANOL.xls). The spreadsheet required the following inputs: 
III Atmospheric Pressure 
III Overall relative air/fuel ratio required (A) 
Ell Required HEF 
III Viscous flow meter manometer reading 
Ell Ambient air temperature 
Using these inputs along with the calibration curve for the viscous flowmeter, the 
spreadsheet gave the required flow rates of methanol (liters/hour) and hydrogen (SLPM 
N 21) required for the particular test condition. The method used to fuel the engine 
involved operating the engine at fixed air/fuel ratios while the level of hydrogen supple-
mentation was varied. 
lThe unusual hydrogen flow rate specification is due to the units that the mass flow meter displays 
the measured flow rate. 
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7.4 Spark Timing 
Ignition timing in a spark ignited engine has a large etIect on combustion, engine per-
formance and emissions. The spark timing at each engine test point was adjusted to be 
that which gives the maximum brake torque (MBT) [Heywood 1988] from the engine 
(denoted MBT spark timing). MBT spark timing is the point at which the net work 
transfer to the piston is maximized (ie expansion stroke work minus compression stroke 
work) [Heywood 1988]. MBT spark timing depends upon the rate of flame development 
and propagation, the length the flame has to travel across the combustion chamber and 
details of the flame termination process after it reaches the combustion chamber wall. It 
has also been shown that MBT spark timing gives the lowest values of cyclic variation 
at any engine operating condition [Young 1981] , [Stone and Beckwith 1992] , [Ozdor 
et ai. 1996]. 
The engine torque curve around the point of MBT spark timing is quite flat. It is 
thus quite common to retard the spark timing in order to give a 1-2% reduction in brake 
torque to permit a more precise definition relative to the optimum [Heywood 1988]. For 
this work the spark timing at each test point was advanced until a drop in engine torque 
was observed and then retarded until a corresponding drop was observed. The MBT 
spark timing was determined to be the crank-angle midway between these two points2. 
Unless specified, the spark timing used in all testing is that of MBT. 
7.5 NO/NO x Emissions Measurements 
Although much of the current focus of engine research is on reducing all the various 
species of pollutants that are found in engine exhaust, the primary focus has been on the 
reduction in the oxides of nitrogen (NO x). NO x along with He emissions are a primary 
contributor to the formation of photochemical smog [Heywood 1997]. 
Testing for NO,v emissions was carried out using a Beckman chemiluminescent NO / 
NO:).; analyzer (Model 951A). Any N02 in the sample gas stream is decomposed into NO 
thereby allowing the concentration of total oxides of nitrogen (NO + N02) to be deter-
mined. The NO in the sample stream is reacted with ozone producing N02 molecules in 
an excited electl'Onic state. The excited N02 molecules emit radiation as they decay to 
their ground state. This radiation is measured with a photomultiplier [Heywood 1988] 
2NO and UHC engine emissions are known to vary significantly with spark timing [Heywood 1988]. 
However throughout the course of t.his work the trends in engine emissions obtained were found to be 
consistent confirming t.he consist.ent. nature of t.he method of MBT spark t.iming determination employed. 
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whose output is proportional to the concentration of NOr in the sample. 
Several hours prior to engine testing, the NO,r meter was switched on and the supply 
of oxygen to the meter opened. The meter was then left to warm-up and reach a stable 
zero reading. Just prior to engine testing, the zero was set and the meter calibrated with 
the 3330 ppm total oxides of nitrogen span gas supplied by BOC gases. The calibration 
and operating procedures will not be detailed here but can be found in the Beckman 
equipment manual [Beckman 1980]. The output voltage and range setting was recorded 
manually (see Section 7.13) for later conversion to the actual emission level. 
7.6 Unburnt Hydrocarbon Measurement 
Another major pollutant of importance that was measured are the unburned hydrocar-
bons (UHC). UHC emissions have been found to contribute, along with NO x emissions, 
to the formation of photochemical smog [Heywood 1997]. 
UHC emissions are most commonly measured by one of two instruments, a flame ion-
ization detector (FID) or a nondispersive infrared (NDIR) analyzer. FID's are effectively 
carbon atom counters as the hydrocarbons present in the exhaust gas sample are burned 
in a hydrogen-air flame and produce ions in proportion to the number of carbon atoms 
burned (C1). The sensitivity of a FID is known to differ between different hydrocarbon 
species [Ferguson 1986] , [Bell et al. 1996]. NDIR analyzers use the infrared absorption 
by the hydrocarbons in the exhaust gas sample to determine their concentration. Hy-
drocarbon concentrations measured by a FID are about two times the concentrations 
measured by an NDIR analyzer thus NDIR obtained values are usually multiplied by 2 
to give an estimate of the actual UHC concentrations [Heywood 1988]. 
The major proportion of "hydTOcaTbon" components in the exhaust of methanol fu-
elled engines is unburned methanol [Bernhardt 1977]. It is known that aldehydes are not 
detected by FID analyzers [Bernhardt 1977]. Therefore the UHC emissions of a methanol 
fuelled engine as measured by a FID represents unburned methanol and all other hydro-
carbons excluding aldehydes. 
The majority of UHC emissions in this project were measured by the department's 
Beckman FID. It was not available during the initial part of the work and some initial 
testing was conducted with the department's Horiba lVIEXA-GE534. Once the FID 
became available, it was used to make a small number of checks on the actual levels 
and trends in UHC emissions of the untimed manifold injection system. The calibration 
and operating procedures for the FID will not be detailed here but can be found in the 
Beckman equipment manual [Beckman 1981]. Unless specified, all UHC emission values 
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presented are those derived from the Beckman FID analyzer. The Horiba MEXA-GE534 
emission analyzer uses the NDIR method of UHC measurement. The calibration and 
operating procedures for the Horiba can be found in the operating manual [Horiba 1988]. 
The Horiba gives UHC emission levels in ppm n-hexane equivalent which are multiplied 
by 6 to give ppm C1 equivalent. Brown [20011 had previously conducted an experiment 
on an engine comparing the UHC emission's as measured by the departments Horiba 
MEXA-GE534 and Beckman FID. He concluded that the concentrations measured by 
the Horiba must be multiplied by 2.5 before being converted to ppm C1 equivalent in 
order to match those given by the FID over the range of emission levels being looked at. 
Brown's conclusions were used throughout this work. 
7.7 Aldehyde Measurement 
The incomplete combustion of hydrocarbons produces emissions of aldehydes. Although 
the level of exhaust emissions are generally lower for vehicles fuelled on alcohols, the 
level of aldehyde emissions are significantly higher than that of a gasoline fuelled engine 
[Bernhardt 1977] , [Lipari and Colden 1987] , [Mearns and Dutkiewicz 1993]. Formalde-
hyde is the predominant aldehyde present in the exhaust of a methanol fuelled engine 
[Lipari and Colden 1987] accounting for 98% of the total aldehydes. There are two main 
methods by which exhaust gas aldehyde emission levels are commonly measured: the 
2,4-dinitrophenylhydrazine (2,4-DNPH) method and the 3-methyl-2-benzothiazolone hy-
drazone (MBTH) method. Comparative investigations have found that both methods 
give a similar measurement accuracy [Menzies and Beltis 1982] although the MBTH 
method is non-selective and gives the total aldehyde concentration in terms of their 
formaldehyde equivalent [Lipari and Swarin 1982]. Lipari and Swarin [1982] developed a 
simple method for the measurement of aldehydes and ketones which involves bubbling ex-
haust gas through an acidic 2,4-DNPH solution contained in a set of midget impingers. 
An aliquot of the resulting solution containing hydrazone derivatives of the aldehydes 
and ketones is then quantitatively analyzed in a high-performance liquid chromatograph 
(HPLC). The 2,4-DNPH-HPLC method of Lipari and Swarin has become the preferred 
technique for the measurement of aldehyde emissions in exhaust gas [Haack et al. 1986] 
, [Mearns and Dutkiewicz 1993] , [Mori et al. 1993]. Smith et al. [19891 improved the 
performance of this method to eliminate the unwanted peaks due to the presence of 
ozone. A further improvement to the 2,4-DNPH-HPLC method has been the develop-
ment of 2,4-dinitrophenylhydrazine Solid-Phase-Extraction (2,4-DNPH-SPFE) cartridges 
[Tejada 1986] , [de Goede et al. 1996]. Quantification of the resulting hydrazone deriva-
tives is still carried out via HPLC. This eliminates the technically demanding and time 
consuming production of the 2,4-DNPH solutions used in the impingers. More recently 
Fourier transform infrared (FT-IR) spectrometry has been developed as a method of 
measuring both regulated and non-regulated emissions simultaneously on-line [Nichols 
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et al. 1988] The FT-IR method is able to quantify transient emission data where the 
2,4-NDPH-HPLC method is limited to the quantification of steady state emission data 
[Haack et al. 1986]. 
An aldehyde sampling system based on the 2,4-DNPH-HPLC impinger method was 
investigated. A Cl8 HPLC column and guard column were purchased and fitted to a 
HPLC in the Department of Chemistry. Reference standards of the aldehydes of interest 
were manufactured and a suitable gradient optimized to give good separation and repro-
ducibility. However a large amount of time would have been required to fully implement 
a calibrated engine exhaust gas analysis system. Due to both the time required and the 
amount of work that still remained to be completed in implementing the engine manage-
ment system and associated data acquisition system in the test cell, it was decided that 
the although aldehyde exhaust emission measurements would be desirable it was beyond 
the scope of this investigation and it's time constraints. 
It is known that aldehyde emissions decrease significantly as the air/fuel mixture 
becomes richer. The lower oxygen levels lead to a reduction in aldehyde concentrations 
despite an increase in UHC [de Goede et at. 1996]. Varying the spark timing has little 
effect on the concentration of aldehydes which indicates that aldehyde production is 
independent of peak combustion gas temperatures and pressures [de Goede et al. 1996]. 
It has been suggested that there is an opportunity to simultaneously reduce aldehyde 
and NO x emissions through the addition of water to methanol. Bernhardt [1977] found 
that the addition of 10% water to methanol resulted in a 50% reduction in NO x and a 
40% reduction in aldehyde emissions with only a 10% reduction in engine output power 
(CR = 9.7, WOT and 3000 rpm). The explanation given is that the increase in water is 
responsible for an increase in hydroxyl radicals which simultaneously increase the rate of 
HCO production from formaldehyde and reduces the amount of atomic oxygen available 
for the formation of NO. 
7.8 Oxides of Carbon Measurement 
Two further exhaust pollutants of importance are the oxides of carbon, CO and C02. 
CO emissions has been shown to have detrimental effects to health. C02 emissions have 
been shown to contribute to the so called" global warming" phenomenon that has risen 
to prominence in recent years. 
The CO and C02 emissions are measured by the Horiba MEXA-GE534 emission 
analyzer. Like the measurement of UHC emissions, the emissions of CO and C02 are 
measured using the NDIR principle. However the NDIR analyzer does not suffer the 
same under estimation of the oxides of carbon emission levels that is problematic with 
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NDIR UHC emission measurement. The analyzer is calibrated with a span gas contain-
ing 10.9 vol% CO2 and 2.03 vol% CO. The emissions levels are displayed in %vol. 
7.9 Oxygen Measurement 
The preferred method of measuring O2 concentrations is with a paramagnetic analyzer 
[Heywood 1988]. Unfortunately there werc none of these available but the Horiba MEXA-
GE534 emission analyzer has becn previously modified to incorporate a galvanic O2 
sensor. The O2 concentrations are displayed in %vol. 
7.10 Horiba MEXA-GE534 Operating Procedure 
Before use, the Horiba was calibrated against a span gas supplied for that purpose in ac-
cordance with the instructions found in the manual. A full description of the calibration 
procedure can be found in the Horiba technical manual [Horiba 1988]. 
The Horiba has it's own unheated sample line for connecting the analyzer to the ex-
haust pipe of the engine. A water trap was added to the sample line as it was anticipated 
that there would be increased amounts of water vapor in the exhaust gas resulting from 
combustion of the supplementary hydrogen. During preliminary engine testing it was 
noticed that the UHC readings would drift upwards over time. Test points completed 
early in a testing session when repeated near the end would give much higher UHC read-
ings. The discrepancies in the readings seemed to be limited to the UHC and not the 
CO, CO2 or O2 readings. The explanation proposed for this observed trend is that the 
Horiba is not designed for continuous sampling of exhaust gas emissions over time but 
rather quick samples of a car exhaust at idle to determine approximately what the state 
of tune of the engine is. It appears that over the duration of the engine test session, 
the UHC build up in the analyzer and result in the observed increase in emission levels 
over time. To overcome this, a three way valve was plumbed into the Horiba sample 
line just after the water trap. The spare inlet to the valve was connected to a supply of 
oxygen free nitrogen. Thus when exhaust emissions are not beirig measured, the valve 
is switched so that the Horiba draws in oxygen free nitrogen to flush out any residual 
exhaust gas that has remained inside the analyzer. This system was found to eliminate 
the problem of the UHC readings drifting upwards over time. 
7.11 Piezo-electric Pressure Transducer Calibration 
Piezo-electric pressure transducers rely upon a change in applied pressure to produce a 
change in the output signal. Therefore in order to correctly calibrate, a known change 
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in pressure is required. The required change in pressme was applied by a Barnet dead 
weight tester that had been modified by Trolove [1991] to allow for the rapid release of 
static pressure. To ensure the highest possible accuracy of the cylinder pressure data, 
the piezo-electric pressure transducer and the data acqnisition system was calibrated as 
a whole3 . 
A routine called CALTRANS was written to read voltages from the piew-electric 
pressure transducer channel at a frequency of 5 kHz by the on-board pacer trigger. The 
piezo-electric charge amplifier was set on the appropriate range and setting to give an 
:::::4 V maximum output voltage during preliminary engine testing. The calibration data 
acquisition procedure was as follows: 
1. Apply the desired load (in increments of 5 bar from 0 to 70 bar) 
2. Ground the charge amplifier 
3, Run "Calibrate Pressure Transducers" from the "Hardware Test and Calibration 
Programs" Menu, 
4. Enter the piezo-electric pressure transducer channel number 
5, Start the data acquisition and immediately unload the transducer 
6. Repeat until the required load range has been covered 
The procedure outlined above results in 14 data files with a suffix * .piz. Each of these 
files is imported into Excel and the change in voltage between the transducer being loaded 
and unloaded is calculated. A summary of all voltage changes and the corresponding 
changes in pressures are entered into an Excel spreadsheet called CALIB.xls. A plot of 
voltage change verses pressure change is made with the slope of the line being the pressure 
transducer calibration constant for that particular calibration, In the pressure transducer 
calibration plot shown in Figure 7.1, the pressure transducer calibration constant is 17.005 
bar/volt. 
7.12 Data Acquisition 
At each test point during engine testing two sets of combustion pressure and temperature 
data was taken (see page 68). Two sets were taken as it was discovered that on occasion 
the data acquisition system started taking data at a point in the engine cycle that did 
not correspond to the position of the rotary encoder index pulse (see page 65). 'Whether 
the data was good or faulty was not known until it had been post-processed. It was 
3The transducer and cables were dried and calibrated weekly during engine testing and stored in an 
air· tight container with desiccant to prevent charge leakage which occurs when moisture is present, 
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Figure 7.1 Pressure Transducer Calibration 
thought that the faulty operation was caused by stray electrical noise however the cause 
was not investigated due to time constraints and the fact that it occurred infrequently. 
The procedure for electronic engine data acquisition is as follows: 
1. Run" Acquire Single Channel Data at 1800 ppr" from the "Engine Data Acquisi-
tion" Menu. 
2. Enter the file name, nominal engine speed and external trigger frequency 
3. Ground the charge amplifier 
4. Start the data acquisition 
5. Repeat to acquire a second set of data 
7.13 Manually Recorded Engine Test Data 
At each of the test points, a certain amount of data was recorded manually on pre-printed 
engine test log sheets. The data recorded was: 
1. Compression ratio 
110 CHA.PTER 7 EXPERIMENTAL PROCEDURES 
2. Required lambda 
3. Piezo-electric pressure transducer constant (bar/volt) 
4. Atmospheric (mbar) 
5. Engine speed (rps) 
6. Methanol flow rat,e (liters/hour) 
7. Hydrogen flow rate (SLPM N2) 
8. Hydrogen injector open angle (0 ATDC when appropriate) 
9, Hydrogen injector close angle (0 ATDC when appropriate) 
10. Viscous Flow Manometer reading (mm H20) 
11. Pressure drop across viscous air flow meter (mm H20) 
12. Ambient air temperature (0C) 
13, Dynamometer reading (N) 
14, Number of weights used on dynamometer 
15, Spark timing (0 ATDC) 
16. Air heater supply voltage (V) 
17. Heater controller setting (%) 
18, Mean inlet manifold pressure (mbar) 
19. Inlet manifold mixture t,emperature (OC) 
20, NO;x range 
21 NO;x meter (V) 
22, Horiba HC emissions (ppm) 
23, Horiba CO emissions (vol%) 
24, Horiba C02 emissions (vol%) 
25. Horiba 02 emissions (vol%) 
26. FID range setting 
27. FID meter reading (%) 
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7.14 Operating Procedures 
Approximately one hour before engine testing was to be commenced, the engine oil and 
coolant pumps and heaters were turned on to allow the engine to reach a "hot wall" 
condition of ;::j 60°e. The piezo-electric pressure transducer was fitted to the engine and 
it's coolant water turned on. The data acquisition computer, oscilloscope, charge ampli-
fier, mass flow meter and methanol flow meter were all turned on to allow the electronic 
circuitry to heat up and stabilize. The water supply to the fuel system heat exchanger is 
turned on. The t.est cell fan and air condit.ioning unit were also act.ivated to allow plenty 
of time for a steady state test cell temperature to be achieved. 
Prior to engine testing, both pressure regulators were wound out (giving zero pres-
sure) and the supply lines set to vent t.o the outside. The hydrogen bottles in the outside 
fuel cell are then opened. 
When testing was due to commence, the engine was motored up to just below the re-
quired test speed before being switched to fixed speed mode. The engine speed was then 
adjusted to the correct value before the being left for up to 20 minutes (or longer if there 
was gasoline in the fuel line which had to be flushed through the system) for the engine to 
reach a steady state operating condition4 . Once the engine was thoroughly warmed up, 
the test points were set by varying the injector close angles cif both the methanol and the 
hydrogen injectors to achieve the desired flow-rates given by the spreadsheet LAMBDA 
METHANOL.xls (see page 102). 
It was found during the course of the experimental work that it is necessary to en-
sure that the liquid fuel supply system was free from air or vapor so that stable fuel flow 
readings are obtained from the flow meter. The fuel system incorporates a recirculation 
system and a pressure regulator to supply the fuel injector with a constant supply pres-
sure. The recirculation system can heat the fuel significantly so there is a heat exchanger 
incorporated in the system. Water to this heat exchanger is turned on at all times to 
reduce the risk of fuel vapor being formed. There is also a vapor trap located above 
the Bosch fuel pump in which vapor and air in the system accumulates. During engine 
testing this was regularly cleared5 . 
At the conclusion of testing, the hydrogen supply is turned off at the bottles and the 
remaining hydrogen in the lines allowed to be injected into the engine and burnt. Once 
the hydrogen pressure has dropped to atmospheric, the hydrogen regulator is wound out 
,1 It was founel that even though the engine appeared to reach steady state quickly, the engine would 
"drift" off that particular operating condition for quite some time 
5When the fuel pump is turned off as the pump would otherwise pull air into the system 
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and the hydrogen supply lines to the engine vented to the atmosphere. If the engine 
is not to be run for some time, the fuel supply is switched to gasoline and the engine 
run until the fuel system contains gasoline only. The engine is switched off and allowed 
to come to a standstilL All test cell services are switched off with the exception of the 
coolant water supply to the piezo-electric pressure transducer which is kept running until 
the cylinder head has cooled down and the risk of thermal damage has passed. 
Chapter 8 
Untimed Manifold Injection Results 
In this chapter the results of an investigation into the untimed manifold injection of 
hydrogen will be presented. First the engine configuration and the relevant operating 
parameters are discussed, then the effects of hydrogen supplementation on the fluid prop-
erties are examined before the effects of hydrogen supplementation on the combustion 
characteristics, engine performance and emissions are presented. 
8.1 Introduction 
Hydrogen supplementation via untimed manifold injection is technically the simplest of 
the three methods under investigated. Hydrogen is supplied to the inlet manifold of the 
engine in a continuous, untimed manner and is induced into the engine with the engine 
inlet air and manifold injected methanol forming a homogeneous air/fuel mixture. Any 
resultant changes in the combustion, power or emissions characteristics of the engine are 
therefore due to the combustion properties of hydrogen alone and not due to the effects 
of charge stratification. 
8.2 Engine Configuration 
The engine's primary fuel was manifold injected methanol. The main fuel was supple-
mented with the untimed manifold injection of gaseous hydrogen via the low pressure 
hydrogen supply system described on page 94 and t.he manifold injection configurat.ion 
described on page 35. The flow rate of hydrogen was varied as required by adjusting the 
supply pressure to the inlet manifold. 
In order to best examine the effects of supplement.ed hydrogen on the combustion 
process the overall air/fuel ratio was kept. constant and the percentage of the total charge 
energy provided by hydrogen supplementation (hydrogen energy fraction or HEF) varied 
(see page 102). The HEF of t.he incoming charge was varied from zero to fifty percent 
at each value of air/fuel ratio. At the richer air/fuel ratios, HEF's of 40% - 50% were 
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not always obtainable due to limitations in the ability of the manifold supply system to 
supply the required high hydrogen flow rates, 
Inlet air heating was used to ensure adequate mixture preparation by partially off-
setting the cooling effect on the inlet mixture caused by methanol's high latent heat of 
vaporization (see page 89). Approximately 364 Watts of heat was continuously supplied 
to the inlet air from a heater and associated control unit. 
All results refer to testing performed at an engine speed of 1500 rpm and at a wide 
open throttle setting. The compression ratio was raised from 8:1 which is the optimum 
compression ratio for gasoline in the Ricardo E6 test engine. The compression ratio was 
set at 10: 1. This is not necessarily the maximum compression ratio that is possible when 
fuelling a Ricardo E6 with combinations of methanol and hydrogen but was chosen to 
demonstrate the potential benefits over gasoline operation. Engine operation at higher 
compression ratios was problematic with pre-ignition occurring at rich air/fuel ratios 
with both methanol and methanol/hydrogen mixtures. The source of the pre-ignition 
was thought to be the spark plug which was the same heat range as used for gasoline 
operation (NGK BPR6HS). Due to difficulties experienced in obtaining a resistive spark-
plug of the same configuration colder than the existing plug, engine testing was conducted 
at a compression ratio of 10: 1. A resistive spark-plug is required to be used with the 
engine management system to prevent stray electrical noise affecting the electronics (see 
page 91). 
8.3 Fluid Properties 
Combustion in a spark ignition engine is approximated by the ideal Otto cycle named 
after Nicolaus Otto who built the first engine based upon a four stroke cycle in 1876. 
The thermal efficiency, 'rlth, for the air-standard Otto cycle is: 
'rlth 
1 1--
,-1 
rc 
(8.1) 
The compression and expansion processes are assumed to be adiabatic isentropic 
processes for which: 
pvr constant (8.2) 
In a real engine however irreversiblities of the actual compression process, the ad-
dition of fuel, the effects of heat transfer and the effects of mass loss (blowby) result 
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Methanol vapor has a specific heat ratio of, ::::::: 1.16 [Germane et aL 1983] compared 
with, ::::::: 1.38 for hydrogen [McCarty et at, 1981] and, ::::::: 1.40 for air [Rogers and May-
hew 1988]. As an air/fuel mixture becomes leaner, the proportion of methanol vapor in 
the mixture decreases. Thus it is to be expected that lean air/fuel mixtures will exhibit 
a value of ne greater than that of richer air/fuel mixtures. For a given air/fuel ratio, the 
increase in ne with HEF is due to an increase in the amount of hydrogen (with a high spe-
cific heat ratio) and the reduction in the amount of methanol vapor (with a low specific 
heat ratio) in the inlet air/fuel mixture. Hydrogen has a specific heat ratio value approxi-
mately equal to that of air thus as the amount of hydrogen supplementation increases, the 
intake fluid specific heat ratio tends towards that assumed in the ideal air standard cycle, 
The addition of hydrogen to the working fluid of an engine increases the specific heat 
ratio of the overall air/fuel mixture and the value of the polytropic index approaches 
that of , = 1.4 for the air standard Otto cycle. The theoretical thermal efficiency that 
can be attained from an engine (as given by Equation 8.1) is therefore increased, 
How leaner air/fuel ratios and higher levels of hydrogen supplementation can con-
tribute towards increases in thermal efficiency will be more fully discussed on page 129, 
8.4 Combustion Burn Rate 
The supplementation of methanol with hydrogen is expected to have a measurable effect 
on the combustion of the cylinder charge (see page 16). In order to elucidate changes 
occurring in the combustion process, a full analysis of the in-cylinder pressure data was 
performed on data acquired at each of the test points covered. Perhaps the most impor-
tant information to be gained about the combustion process is from the mass fraction 
burned analysis of the cy Hnder pressure data (see page 75). 
The Figures 8.2 to 8.5 show the effect of hydrogen addition on each different phase 
of combustion, 
From Figures 8,2 to 8.5, the following points can be noted. For the range of values of 
>. tested, in all phases of combustion the richest mixtures burn faster than do the leaner 
mixtures as would be expected to occur for any fuel or combination of fuels. Increas-
ing the HEF reduces the burn duration of all phases of combustion resulting in faster 
overall combustion (refer to Figure 8.5). Similar observations were made by Rauckis 
and McLean [1979] and Jordan [1979] in their work dealing with hydrogen supplemented 
gasoline as well as Schafer [198l] with methanol. The reason for the increased rate of 
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combustion is thought to be due to the substantially higher laminar flame speed of hy-
drogen (265 - 325 cm/ sec) compared to that of methanol (44 - 46 em/sec) [Rauckis and 
McLean 1979] , [Sher and Hacohen 1987]. Lu et a,l, [1994] investigated the effect of inter-
mediate species left in the combustion chamber from the previous cycle on autoignition 
in a 4-stroke, spark ignition, hydrogen fuelled engine. They found that the addition of 
H02, OH and H202 all reduced the ignition delay period in an engine. However H02 
and OH were found to be unstable at low temperatures and would therefore be unlikely 
to exist in the chamber at the start of a new cycle leaving H202 as the likely cause of 
the observed reduction in ignition delay. Swain et at. [1990] and co-workers investigated 
the emission levels of H202 from a hydrogen fuelled engine. They found that H202 is 
only formed in significant concentrations in mixtures near the lean flammability limit 
and concluded that H202 is a product of incomplete combustion. Over the majority 
of test points that will be covered in this investigation the production of H202 will be 
negligible and therefore have no influence on the ignition delay duration. The observed 
increase in combustion rate with increasing HEF could also be attributed to the tur-
bulence induced in the inlet manifold as hydrogen is injected into the inlet air. There 
would be no disruption to the flow of the inlet air at 0% HEF. As the HEF is increased 
to 50%, the disruption to the inlet air increases in a corresponding manner. It is however 
thought that the effect of the manifold injection of hydrogen on the level of turbulence 
in the engine during combustion will be negligible for the following reasons. Firstly the 
hydrogen is introduced continuously into the manifold over the full 720 DCA of the engine 
cycle at relatively low velocity through a 4 mm diameter pipe. Secondly the hydrogen 
is only induced into the cylinder during the 224 DCA that the inlet valve is open along 
with the inlet air. Thirdly it is known that rapidly converging flow causes the velocity to 
become more uniform over a cross-section i.e. turbulence is reduced [Massey 1989]. For 
the Ricardo E6 the ratio of minimum valve throat area to inlet manifold area is ~ 0.55. 
This will significantly reduce the level of any turbulence present in the inlet manifold 
[Huntsman 2000]. Fourthly the majority of tur bulence in the cylinder immediately after 
the inlet valve closes is due to the induction process itself past the inlet valve. The effect 
of turbulence induced by manifold injection of hydrogen on the combustion process is 
therefore thought to be minimal and the observed increases in combustion rate are due 
to the higher flame speed of hydrogen. 
For comparison, the 0-90% mfb duration for gasoline (CR = 8:1, A = 1.0) is also plot-
ted with the 0-90% mfb duration data. It is apparent that methanol combustion at CR 
= 10:1 is much faster than that of gasoline. Combustion durations are however known to 
reduce with an increase in compression ratio [Ferguson 1986]. Figures 8.2 to 8.5 suggest 
that the combustion process for A = 1.3 and 10% HEF was burning at a faster rate than 
would be expected given the trends of the data points either side. It is expected that 
the cause of a faster burn rate is a slightly richer air/fuel mixture than the test points 
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et al. [1993] noted in their study of hydrogen supplemented natural gas that Harne initia-
tion became a problem at lean air/fuel ratios with advanced spark timings (as evidenced 
by large cycle to cycle variations in the onset of pressure rise). They noted that further 
advancing the spark timing did not help and concluded that further spark advance re-
sulted in attempting to ignite a less compressed (cooler, less dense) mixture, probably 
increasing flame ignition problems. 
The faster observed combustion rates and resultant retarded spark timings will have 
an impact on the magnitude and location of peak cylinder pressures. Figure 8.9 shows 
the variation of peak cylinder pressure with REF while Figure 8.10 shows the variation 
of peak pressure location with REF for a range of values of A. The 0% and 5% REF 
values for A = 1.5 are suspect as the corresponding values of MET spark timing are the 
same in both cases (see Figure 8.8). Ignoring the suspect data, the value of peak cylinder 
pressure decreases in an approximately linear fashion with increasing REF for all values 
of A. It would be expected that peak cylinder pressures would decrease as the total 
energy input is decreased and peak cylinder position is retarded with increasing REF. 
An interesting feature is that for REF's of >20%, the values of peak cylinder pressure 
are approximately the same value for all values of A. 
It is apparent from Figure 8.10 that the trends in peak cylinder pressure for each 
value of A are a mirror image of the trends in peak cylinder pressure position as observed 
in Figure 8.9. Again ignoring the suspect values noted in the previous paragraph, the 
position of peak cylinder pressure moves further after TDC in an approximately linear 
fashion with increasing REF (and decreased combustion durations) in order to maintain 
the MET condition. It can also be seen that the position of peak cylinder pressure occurs 
closer to TDC as A increases (mixture becomes weaker) for a particular value of REF. 
As the combustion duration lengthens as the mixture becomes leaner, the location of 
peak cylinder pressure moves closer to TDC in order to maintain the MET operating 
condition. 
8.5 Engine Power Output 
Now that the gross effects of hydrogen on the various phases of combustion have been 
identified, the effect of untimed manifold hydrogen supplementation on the power output 
of the engine will be investigated. The effect of REF on the volumetric efficiency of the 
engine and the energy of the charge induced into the engine is presented in Figures 8.11 
and 8.12. 
From Figure 8.11 the following trends are apparent. Firstly the volumetric effi-
ciency decreases as the REF increases for all air/fuel ratios. This thought to be due to 
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the manifold induced hydrogen displacing inlet air that would have, in the absence of 
hydrogen supplementation, been induced into the engine. Thus increasing the rate of 
hydrogen supplementation increases the displacement of inlet air and correspondingly 
red uces the volumetric efficiency. The second trend is that the volumetric efficiency 
for leaner mixtures is always greater than that for richer mixtures. It has been shown 
that both methanol vapor and hydrogen gas have a significant detrimental effect on the 
volumetric efficiency of an engine [Heywood 1988]. This effect becomes increasingly pro-
nounced as the air/fuel mixture becomes richer. The reduction in volumetric efficiency 
with increasing HEF will be shown to be responsible for a reduction in engine power 
output with increasing HEF. The volumetric efficiency and power losses associated with 
hydrogen supplementation via untimed manifold injection will be overcome by injecting 
the supplementary hydrogen directly into the combustion chamber (see Chapter 9). 
Figure 8.12 shows the effect of increasing HEF on the total fuel energy. The total fuel 
energy is greatest for richer air/fuel ratios and decreases as the air/fuel ratio becomes 
leaner, as would be expected. The total fuel energy decreases as the HEF increases 
for all air fuel ratios. This trend can be explained as follows. As the HEF increases, 
the volumetric efficiency of the engine decreases. Thus in order to maintain a particular 
overall air-fuel ratio, the total energy content of the fuel mixture must therefore decrease. 
Figures 8.13 to 8.15 show how varying the HEF affects three different measures of 
engine power output, IMEP g, corrected brake power and brake mean effective pressure. 
The same trends in engine output power are evident in all three of the figures. IMEP 9 
has been identified as the most appropriate measure of engine output power (see page 
75). The plots of corrected brake power and brake mean effective pressure are therefore 
presented at this point for completeness only. As they convey essentially the same infor-
mation as the plot of IMEPq , plots of corrected brake power and brake mean effective 
pressure will not be presented again. As expected, the highest values of IMEPg occur 
with the richest mixtures and decrease as the mixture becomes leaner. Increasing levels 
of hydrogen supplementation result in a decrease in IMEP 9 for any air/fuel ratio. The 
trends demonstrated in Figures 8.13 to 8.15 can be explained as follows. Firstly increas· 
ing the amount of hydrogen being introduced through the inlet manifold results in inlet 
air being displaced. Thus the volumetric efficiency of the engine is adversely affected 
(see Figure 8.11). This effect has also been observed by Houseman and Voecks [1980] in 
their work with hydrogen enrichment. The reduction in volumetric efficiency causes a 
reduction in the total charge energy that can be induced while maintaining a particular 
air/fuel ratio (see Figure 8.12) and so the engine output power is adversely affected. As 
will be seen in the next chapter, this loss of power can be overcome through the use of 
early direct injection of hydrogen into the combustion chamber. 
1.1 -
" .') ' j GlN E pm ·\lEfl 01 T PI T 
13.0 
12.5 
12.0 
11.5 
! 11 .0 
~ 10.5 
w 10.0 ~ 
9.5 
9.0 
8.5 
8.0 
Variation in Gross Indicated Mean Effective Pressure with 
Hydrogen Energy Fraction 
• 
• • • 
• • • • • Lambda 1.0 • 
• . Lambda 1.1 
.. .. • 
.. Lambda 1.3 
.. • .. 
• Lambda 1.5 
.. 
• • • 
• • • • • I 
0% 10% 20% 30% 40% 50% 60% 
Hydrogen Energy Fraction (HEF) 
F igure 8. 13 Effec t of Hyd rogen SlI [J PlcmCflta.t i,Qn on Gross Ill di r. l,lt~d tVk ill1 Efr~Ttlvc Pn:s.~lIu: 
Variation in Corrected Brake Power with Hydrogen Energy 
Fraction 
6 
6 • • ~ • ~ • 
... • • Q) 5 • • I. Larrbda 1,0 :t. 0 I 
Il. 
• Larrbda 1.1 Q) • ... 5 .. 
r 
f .. 
.. 
.. Larrbda 1.3 
ro 
r "0 4 .. • Larrbda 1.5 ~ u I ~ • • • • • 0 4 
I 
I 
• • () I 
3 
0% 10% 20% 30% 40% 50% 60% 
Hydrogen Ene rgy Fraction (He') 
l 27 
12K 
.... 
'" e.. 
II.. 
w 
~ 
III 
10 
9 
• 
8 • 
7 ... 
6 
• 
: I 
0% 
CHAPTEIl H UNTIMED MANIFOLD INJECTION nES LTS 
Variation of Brake Mean Effective Pressure with 
Hydrogen Energy Fraction 
• • • 
• • • • 
• 
.. • 
... oil. 
oil. 
oil. 
t ~ • • 
.' • • 
-~--~ 
10% 20% 30% 40% 50% 60% 
Hydrogen Energy Fraction (I-EF) 
I. Larmda 1. 0 
• Larmda 1 1 
... Larrbda 1.3 
• Larrbda 1.5 
Figure 8 . 15 13r:,)..ke rvf(~an Erfcctivc Pr"»Sllrc verses Hydrogen EIICIV;Y Fractio ll 
T he value of t.h co-efficient of variat.ion of IMEPg (COV [AIf'; /'q ) is often Llsed as a 
gallge of the cyclc-by-cyclc variabili ty of combustion ill all engine (see pa.ge Rl). Figure 
8. Hi shows the: va riation i!1 COV'kfl.,'Pg wit,ll HEF. It can be seen that the cyclic vari-
ability incrca.-;cs as the air/fuel mixt,\Jl'e becomes leaner. This is a well reported t.rend 
[Young 1981J , [Ozelor d at. 1994] and rcslLlts from a li.lrgc !lumber of both physical 
anel chemical factors . Tlw slower flame propagation rates that occur with leall air/fuel 
ratios are thought t.o be a ma.jor cont.ributing bctol'. As the HEF is increased for all 
ai r /fucl r3tioo , the va.luc of COY [M [.J' ,) e1ecrca:ses with leaner mixtures being a ffected t.o 
(l far grC<.ttcr ext 'nt. t.han richer mixtures. R<.tuckb and ~IIcLea.Il [1979) also reported t.his 
findi ng i It their work. It is also clear that the addition of a small amount of hydrogen 
to a. lean rnixturc has a significant. effect on t he COV U ,,/f;; /J') . Increasing the levd of hy-
drogen su pplementat ion leads to diminishing returns as far as th benefkial effects on 
COY [ tv! ,.;1'1) in lean mixtnrcs is concerned. 
The mcchall.ism by which hydrogen supplementat.ion reduces COV [M ",'/JU is lIOt. so 
deaL 1t is well recognized t hat cyclc-by-cycle variability is at a minimum wi t h MBT 
spark timing and rich a.ir/ fuel mixtures [Young 19tHJ- During the earlier discussion on 
t.he inHucnc' of hydrogCIl supplementation on MBT spark timing (see page 122) , it, was 
p roposed \'h~lt the conditions at the point. of spark <tIC more favornble for rhme init.iat.ion 
when Llsinp; mOl"(, ret.arded spark t imings , T he mos t likc.l,Y r('ason for (. h(' reduction in 
I'!.fi E:! GIN TI-I E[HvIAL E:FFI IENCY 
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Figure S.l6 EtTp.ct of Hyrirow:n S lI pplc lIl ·nt.al.iull on th' CocHidcnt of Varlatioll of Gross I.ndicai.('d 
Mea n Effective Pn:ssun: 
COY (i\,I/;; Pq however belli ' to t.ll(' illc rcas(: ill co mbllstioll m.te wit.h im; rel)sil1~ HEF'. I t is 
known that the magnitude o f t.he var iat-iolLs ill the rate of combus t.ioll arc decreascd rl..'i 
the uurtl ing r~tc is in 'Tcas('d !Hc.vwuo d l !)H~ ) . As r\ consequence , t he efFect of variatiollS 
in the ra.te of cOll\bustion 011 (,!I~illC tOHPIC' are wei Heed. 
A vailic of 10% COY noll "'Pg has brcn sugg('$tcd as being an acceptable limit for 
dr ivcubil ity in a veh icle [tvlatcku llus 198:31 . lALkiliSOIl d aL. 1995]. As can be seen from 
Figlll'l ' 8 .16 tha.t even at A = l .ri and 0% HEF , tht' COY 1 /lJ /'; 1'1] is less that this value. 
This illdi caL(,s t.lw potential for operating t.he f'nginc lllltbrotthl at. much leaner air/fuel 
rat.ios t.han has currently been demonst rated espcc ially wi t h wha S<;( 'ILIS to be signilican l; 
impro\NlI('lIts ill COV IMI',' /)9 ill ican air/ fue l mix 111'(,S wit,1I hydrogclI sllpplellll' llt..at ion. 
8.6 Engine Thermal Efficiency 
The I,hennal dfi 'i('/lcy of UII in\.('rnal combnstion cnp;illc inc reases as i,\\(' air/flH'1 ratio 
increases (becomes kaner) r('itchillg a t,lico{"cl,icullTlaximuJll al a ll illfinitf'ly I('a[\ air/flll'l 
rat io [G erma.ne et ai. H)K~] . TII<' t hcof('t.i<:al (': xpre!-;sioll fo r t he therma l e ffi ciency of t.l\(' 
air-stalldard Ot. to cycle rm'viollsly st.atc·d ill Sectioll R.J (Equation S. l) is givert again 
here to faci li t:aLC' t.lle e'iL'i(, of dis(:lIssklll. 
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1 (8A) 
Increasing the compression ratio (rc) of the engine and the value of r both lead to 
increases in the theoretical thermal efficiency of the engine. As was demonstrated on 
page 114, increasing the REF at any air/fuel ratio leads to an increase in the value of r 
thus increasing the theoretical efficiency. The compression ratio of the Ricardo E6 was 
also increased from 8:1 to 10:1 to take advantage of the higher octane rating of methanol 
compared with gasoline thus further increasing the theoretical efficiency. 
The actual engine thermal efficiency that can be achieved is lower than the theoret-
ical thermal efficiency due to the deviation of the actual combustion process from the 
theoretical Otto cycle. 
Actual engine thermal efficiency can be increased by the use of lean air/fuel mixtures 
due to the beneficial effects of improved thermodynamic properties and the resultant 
lower combustion temperatures of the air/fuel mixture as listed below: 
1. Increase in specific heat ratio using lean mixtures 
2. Reduced dissociation losses 
3. Reduced heat transfer with the combustion chamber walls 
Actual engine thermal efficiencies can also be improved by reducing the duration of 
the combustion process. The ideal Otto cycle assumes that combustion occurs at con-
stant volume. The actual combustion process in an engine takes place over a period of 
many degrees of crank-angle rotation. As leaner air-fuel mixtures are used, the combus-
tion duration increases as the flame speed of lean air/fuel mixtures is slower than that 
of richer mixtures. Improvements to the rate of combustion at lean air/fuel ratios will 
therefore result in a closer approximation to the ideal Otto cycle while reducing the so 
called time losses by reducing the time available for heat transfer to occur 
rJith is used throughout this work because all engine testing was performed at con-
stant speed not constant load. At constant speed, the parasitic engine losses change in 
proportion to the load changes and are thus not the same for each test point. The gross 
indicated engine power, Pi (see page 241), is preferred as this is the power applied to 
the piston as a direct result of the combustion process before any parasitic losses occur. 
Thus 1Jith is a more accurate representation of the effects of hydrogen supplementation 
on the combustion process. rJUh is calculated as follows: 
IHi EN 'IN/:: TH E[l1\[AL EFFIC IENC Y 
so 
'" 1= 
1.1 
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Figure 8.17 Nurmali7.cd Gros::; illdic(l t(:J Thenn;J Effil'iell t:y ven;c:; I-1ydwge ll Energy Fnu::tion 
1]ilh. = 'T l F l E' [ku/] ota He " ner'gy - n (8.G) 
Figure 8.17 shows th(~ va.riation ill normalized gross illJki;lt(~d t.l\( uUi.ll d!1deJlcy (17,Lh) 
wit.h H F. Also plotted for com paris 10 are t.he llol'lll(t1ized 91 octanG ga::;olillc da\.d poin (,::; 
for /\ = 1.0 and 1.3 takc.n a t a comprc::;sion ratio of 8:1 c .f. LO:l ti))' till' rnnt-hanol da. ta. 
Th(~ data in tllis figur' h;l.'> been norllli.lJizcu with respccl, to the 0% HEF UlS(' for 
cach vnhlL' uf A. The rctlSon for this is that a systematic error ill t he i;l.cqlliu'd cOlllbustl{>n 
pr('ssllt(' data was discovered t.o have occurred dming t hC' 1I11t.im('d manifold injf'ction 
test.jllg. Thlls pr('.,'jSlln' derived dahl from this chapter canllot hi' compi.u-cd dircct.ly wit.h 
dat.a pn:s(,tlt.cd latrr ill tlw the-sis. This error was correct '<1 before <lIly of t he early dire!: 
illjcctiull Qr COlllpi.lrativ(' tes tillg was undertaken. A fnlle r description of I.he pJ'(~sstll'(' 
<iata err()r 1:;;111 b' foulld on pa )!;c L5 7. Furthe r untimed manifold inj('cr:ion '11 i llL datil i~ 
pn'scllh:u un pUf!;C lsn when compa rinp; t.he dilferenL injl'ction syste ms. 
At. I,he' sa.1l1 l'ug illc sp{'(~d , the iuc rcascd compression ratio (10: 1 cJ. 8: 1) allel t.he 
fas ter combust.ion f:b nrrlctf'rist ics of m ' t.h~lnol are evident in the gre;;t.tly improv(xl p;ross 
indicat d t.!tcnual C' ffi ci('ll 'ir s achir'ved over those obtained WiLh gasoline. This highligbts 
t.hf' be ncfi t of using IfLl' thulIOI ('lid ill Ull e ngine whose compn-'ssion ratio has bee II raised 
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to take advantage of the increase in octane rating over that of gasoline> 
The anticipated gains in thermal efficiency of methanol with hydrogen supplementa-
tion due to improved combustion and fluid thermodynamic properties were not apparent, 
The reasons for this are thought to be as follows. Both the total energy content of the 
fuel supplied and the power produced by the engine decrease as the REF is increased (see 
Figures 8.12 and 8.13). 'Whether the thermal efficiency increases or decreases depends on 
which quantity is decreasing faster, Pi or QHV. Any inaccuracies in the measurement or 
calculation of either of these quant.ities will lead to variation in the calculated result. The 
changes in the value of t.he indicated efficiency with REF for each value of A is relatively 
small « 3%) with the trends unclear except in the case of A = 1.5 which appears to 
show an increase in indicated efficiency with increasing REF reaching a maximum at 
approximately REF = 30%. 
As indicated specific fuel consumption (isfc) is the numerical reciprocal of indicated 
thermal efficiency, there will be no discussion of isk 
8.7 Engine Emissions 
Minimizing the level of exhaust emissions from an engine is becoming increasingly impor-
tant with rising concerns about the detrimental impact aut.omobile emissions are having 
on the environment. As the supplementation of methanol with hydrogen via untimed 
manifold injection has been shown to result in a decrease in engine power out.put, the 
most relevant way of presenting engine emission data is as specific emissions. The mea-
sure of power used in calculating specific emissions is IMEP g. Details on the calculation 
of specific emissions can be found in Appendix F on page 243. 
The discussion on the emissions from the engine will begin with the exhaust gas 
temperature. Figure 8.18 shows the variation of exhaust gas temperature with REF. Ex-~ 
haust. gas temperatures at 0% REF are highest for /\ = 1.0 and decrease as the mixture 
becomes leaner. This is expected as exhaust gas temperatures are known to decrease 
as t.he mixture is richened and leaned on either side of stoichiometric [Reywood 1988], 
There is not much variation between the exhaust gas temperatures for A = 1.0 and A = 
1.1. All air/fuel ratios exhibit a slight. increase in exhaust. gas temperature with increas-
ing REF alt.hough the increase for the A = 1.0 case is not as pronounced as that of the 
leaner air/fuel ratios. 
The increase in the rate of combustion would result in there being less time available 
for heat transfer to occur from the burnt combustion gases to the cylinder walls i.e. a 
reduction in the so calleel time losses. This would be expected to lead to an increase in 
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Figure 8.1.8 Effect of Hydwl!;el1 Enl'l")!;,Y P.ril.ct ion o n Exhaust Ga~ TCllIpcratur ' 
It exlmust gtLS t.CHlpen.lt.lU"c . 
i1e' t arding t.he spitrk timing is kllo\Vll t.o increase' the exhaus t. gas lc' tlI peratmc a lollg 
with increases in load a.nrl (,llgirH' sp('ed [Heywood HIS 'l. As t.h ·· cll~illC speed rema.ined 
constant during t,hcsC' (,es ts , tJ IC {'[['re t of chnnp;('s ill ellgine' sp~('d (;iUI ll( ~ ignoff'd. A:, has 
been observed , the engi ne load decreases as t.he' HEF incr(' i\:-;('s t; itf'rcfo r(' t. his would be 
t'xpcctcd to lead to a reductioIl ill tilt.' c xlHtUSI. P;i.lS t(,lIlpcraill!"('. C nuvc,tscl.\' as t he HEF 
is ilHTl:/tsed , the spark timing has to he retarded dne \.0 t.he i nCTC'IL"i r.rI rat.e of combust ion 
aud t.his wou ld be expected to resul t in <.I.n incr ease in t,\1(' t'Xhallsl. g;L"i t.C'lOp cru me. 
To sllmmarize thncforc several fact.ors haw h('(' 11 iJl' lltil1cd as ltuv inp; an ifecl, OII 
t ile CXlk llst gas ' .r~ rnpcrat. llrc . They a re: 
1. In("!"f'itse iu rat.e of combustion resulting in lc:ss t ime for heat. t.l'Ilnsfe r. 
2. Ot'Cl't'<1SC in loar! on t. he cngi u ' as tl. result of d cteriomLitlg vOLlltnl't ric e fficiency. 
:\. Rl'Lardillp; of tl lf' i!!; lJitiOIl t illling due to inc rcnsC' in rate of comi>lls tio l1. 
T ttr' ob '('l'wd tn'!KIs in exhaust gas tempera tul' "S can not b(' ;;ltt;r i buu'rl t.o allY 011(' 
of t ill' fnet,nrs listl'd above but. is Inorc than likely a r~ult of a combinat,ioll of t ltt'TlI. 
CI-IA l ·n H NTIM8[ :-'\.\.'i I F'CJLi ) JNJ8CTIUN [tE . , LTS 
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Figure 8.19 ind icn.t(;d Sp('( iiie NO , Emissions VGrses Hyd rog( :ll EUcrg,y Fractio ll 
Till' va riat-io ll in illrl ic .. t !,cd specific is NO J . ("missions wH.h H8F is shown in Fig ure 8 .19 
for va riolls air / fll I ra. tios. T hNC nrC' several i nt ercst i ng fca.tl tn's in Figure 8. 19. First'!y 
Lh(' i 0 .1; ('missions fo r !callcr l!IixLnrcs ( i .e . A = I. :J and A = L. 5) increase significanLly 
w il h iW:f(';\sillJ,!; HEF' . T ltl' cu rv !..' for ,\ = 1.1 shows ItO 1l,pp['Pciablc change in NOx emis-
siolJs wi t h HEF. Thc· emVI' for ,\ -= 1.0 display s a t rend oppusi t l~ to ill! t.he leaner a ir/fllel 
/'itt. lOS' (L" t hr HE F inO'('ilS ( 'S t. he [(' vel of NOr l'missions ucc[ ca::;c . Th ' NO.1;' crn.issions 
\'rcordcd for>. = 1.0 ().\so disph.lY colls ider().l>\e var iabili t.y as t. he H E F is increa.sed ill 
cont. l'Il:->1 to t he NO.1; tllC(LSll!'('lIwnts obt.().incd fOI- t.he Icaner mix t ures . T his variation is 
also rtPP,u· -' nt. in t.ll(' m rrr spnuding p lot. of ise O em iss ions in F if,?;llfc 8 .2 .5 . As will be 
di '('Ilsseu with t.11(' ( ~ ngin(' C O ('miss ions (sec page lAO), t h e' cali se' of thr:s('. va riations arc 
t hought. 1.0 he s lllall Cb al l)!;( 'S ill t he air-fuel mt.io of t he mix t.urr N0ur stol 'hiornctric 
co ndit.iuns , both NO .!, tllld CO t'lIJissiOlis ilrt· se lls it:ivt' tu SlllilU changes in a ir-fuel ratio. 
Slight ly ri cher mixtlll'(' s J' r~sllJ I. ill higher k vr b of CO and luw(' r lC'vels of NO J ; . til order 
to faci lil;a t (· it discllssioll 011 t.he c;tUs('s of t.he ohscrv('d t rClids. a brief Slllllmar I o[ I Ox 
fo rltla t ioll nl<'clHl lli slJls will llU\\' br pn ·sr'utl 'd . 
The princi ple reactions governing LlJ(' fo rmat.io n of NO from moleclilar Ili t rogen 'H(' 
kllOWIl as t ho cxt l'!lckd Zelctovi 'h mechaCiism II-Icw,'ood LOxt) l. The' principlf' I'<' Hcti ollS 
a.r(' as follows: 
8.7 ENGINE EMISSIONS 
O+N2 ~ NO+N 
N+02 ~ NO+O 
N+OH ~ NO+H 
135 
(8.6) 
(8.7) 
(8.8) 
The reaction rates for formation of NO by these mechanisms are strongly temperature 
dependent. Equations 8.6 to 8.8 also highlight the necessity of having oxygen present in 
the burnt combustion gases to allow the formation of NO. The formation of NO when 
operating rich of stoichiometric is consequently low. It has also been demonstrated that 
the formation of NO proceeds much slower than the initial combustion reactions that 
convert the air/fuel mixture into combustion products [Newhall and Shahed 1971]. The 
formation of NO is thus dependent on the time that the burnt gases spend at elevated 
temperatures before piston motion and the ensuing expansion process results in a cooling 
of the gases (usually termed the residence time). To summarize, the factors which affect 
the formation of NO are therefore: 
1. Temperature 
2. Oxygen availability 
3. Residence time 
NO is the predominant oxide of nitrogen formed in an engine as a result of the 
combustion process [Flagan and Seinfeld 1988] , [Heywood 1988]. It is formed in both 
the flame reaction zone (prompt-NO) and in the burned gases (thermal-NO). The flame 
reaction zone is very thin so residence times are short. The amount of prompt-NO 
formed is therefore small and can be neglected except when dealing with lean, slow 
burning mixtures [Heywood 1988]. The vast majority of the NO is thermal-NO formed 
in the burned gases [Flagan and Seinfeld 1988] , [Heywood 1988]. The burnt gases formed 
early in the combustion process are compressed to much higher pressures (and therefore 
temperatures) than those formed later in the combustion process. Therefore during 
the combustion process, there exists in the combustion chamber a temperature gradient 
between the first and last portions of the charge to be burnt with the first portion to 
burn having the highest temperature. The magnitude of this temperature gradient can 
be several hundred degrees Celsius [Lewis and Von Elbe 1987]. Therefore the earlier 
burning fractions of the charge contribute much more to NO formation than do the later 
burning fractions of the charge. Variables that affect NO formation in an engine are: 
~ Air/fuel ratio. Maximum burned gas temperatures occur at A ~ 0.9 (rich). Oxygen 
concentrations are however low. As the mixture is leaned out, the increasing oxygen 
concentration initially offsets the falling gas temperatures and NO emissions peak 
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at A ::::: 1.1 (slightly lean) before decreasing as the mixture is leaned out. further 
[Heywood 1988], 
@j Burned gas fraction. The burned gas fraction of the in-cylinder unburned mixtme 
reduces flame temperatures by increasing the heat capacity of the cylinder charge 
per unit mass of fuel. 'While there are always some unburnt gases in the cylinder 
from the previous cycle, the amount can be increased by recycling exhaust gases 
into the intake system of the engine (known as §.xhaust ~as r.ecirculation or EGR) 
as a means of controlling NO x emissions [Heywood 1988], 
@j Spark timing has a considerable effect on NO emissions. Advancing the timing so 
combustion occurs earlier in the cycle increases the peak cylinder pressure (and 
burned gas temperatures) therefore increasing the formation rate of NO. Retarding 
the spark timing reduces peak cylinder pressures (and burned gas temperatures) 
therefore decreasing the formation rate of NO. NO emissions steadily decrease as 
the spark timing is retarded from MBT timing and moved closer to TDC. Since the 
exact determination of MBT spark timing is difficult, there is often considerable 
uncertainty in NO emissions at MBT timing. 
The amount of oxygen present in the exhaust gas has been found to decrease as REF 
increases for all overall air/fuel ratios (see Figure 8.29 on page 147). The increase in NO x 
emissions for the leaner mixtures must therefore be due to changes in the bulk temper-
ature as the REF is increased. An increase in exhaust gas temperature with increasing 
REF has been observed for lean overall air/fuel ratios indicating higher in-cylinder gas 
temperatures (see Figure 8.18). Thus for leaner overall air/fuel ratios, the increase in 
NO x formation rate due to higher in-cylinder gas temperatures would appear to offset the 
decrease in NO x formation rate due to the reduced availability of oxygen. For the case 
of A = 1.0, the decrease in NO x formation rate due to the reduced availability of oxygen 
appears to be dominating the increase in NO x formation rate due to higher in-cylinder 
gas temperatures. The end result is a decrease in NO x emissions with increasing HEF. 
Figure 8.20 shows the variation in isURC emissions with REF for various air/fuel ra-
tios as measured via the NDIR analyzer. It is apparent that for a particular air/fuel ratio, 
as the REF is increased, the level of isURC emissions decreases. This is expected because 
as the amount of hydrogen energy substitution is increased, the amount of methanol (and 
thus C atoms) induced is correspondingly reduced. There is no clear trend however as to 
what happens as the air/fuel ratio is varied. It would be expected that URC emissions 
be highest fOl' richer air/fuel ratios and reduce as the mixture becomes leaner. These 
results possibly reflect the inadequacy of using the Roriba gas analyzer in engine research 
especially when comparing test runs from day to day. 
8,7 ENGINE EMISSIONS 
In order to better quant.ify the trends in UHC emission levels as the overall air/fuel 
ratio is varied, a flame ionization detector (FID) was used to provide clearer trends (see 
page 104). The emission readings derived from the FID are presented in Figure 
8.21 along with the NDIR result.s from the same test points. The value for A = 1.1 NDIR, 
0% HEF looks to be too low compared with the rest of the A = 1.1 NDIR results and 
should be actually very dose to the A 1.1 FID, 0% HEF case. The second point of 
interest from 8.21 is that for HEF 0%, the values of UHC obtained for each 
detection method are similar (exact in the case of A = 1.5). As HEF increases however, 
the FID emissions levels decrease at a far greater rate than do the NDIR UHC 
emission levels. testing was conducted starting with the 0% HEF case and finishing 
with the 50% HEF points. This indicates that even with a nitrogen flushing system for 
use between emission readings, there is still an error in results obtained with tbe Horiba 
analyzer resulting in UHC emissions levels that are overestimated. These results high-
ligbt the inadequacy of using the Horiba exhaust gas analyzer for accurate UHC exhaust 
gal'! emissions measurement. As far as can be determined from the results obtained, the 
measurement of emissions of CO and C02 are not affected in the same manner as the 
measurement of UHC emissions over time. 
Figure 8.22 shows the variation in isUHC emissions as measured by the FID with 
HEF for two values of A. The 0% HEF for A = 1.5 gives the highest value of isUHC. 
This is in part due to the reduced power output at this test point. Also as was observed 
for isUHC emissions measured by NDIR, isUHC emissions levels decrease with increasing 
HEF for both overall air/fuel ratios. The rate at which the isUHC emission levels de-
crease with increasing HEF however differs between the two overall air/fuel ratios. The A 
1.1 curve exhibits an almost linear decrease in isUHC emissions with increasing HEF. 
The A 1.5 curve however exhibits large decreases in the level of isUHC emissions with 
the addition of hydrogen initially but further hydrogen addition produces increasingly 
smaller reductions in isUHC emissions. In addition, between 0 and 20% HEF there is a 
:=:;j reduction in the mass flow-rate of methanol. Over the same range however the 
isUHC emissions reduce by :=:;j 43% for A = 1.1 and by :=:;j 76% for A 1.51 Clearly there 
is an additional mechanism or mechanisms involved in the reduction of isUHC emissions 
as the reduction of methanol flow-rate does not account for all of the observed decrease. 
are many mechanisms by which fuel can escape burning and contribute to 
emissions. These mechanisms are listed below [Heywood 1997]. 
Air/fuel mixture compressed into the combustion chamber crevice volumes. 
2. Fuel absorbed in oil layers on the cylinder liner. 
3. Fuel absorbed by, and/or contained within, deposits on the cylinder head and piston 
138 CHA.PTER g UNTIMED MA.NIFOLD INJECTION RESULTS 
crown. 
4. Quench layers on the combustion chamber wall left as the flame extinguishes close 
to the walls. 
5. Air/fuel mixture left unburned when the flame extinguishes prior to reaching the 
walls. 
6. Liquid fuel within the cylinder that does not evaporate and mix with sufficient air 
to burn prior to the end of combustion. 
7. Leakage of unburned mixture through the (nominally) closed exhaust valve. 
Of these mechanisms, the most significant is the effect of crevice volumes. Exam-
ples of crevice volumes (and relative contribution to URC emissions) in an engine are 
[Heywood 1988]: 
1. Piston ring and pack crevice (80%). 
2. Cylinder head gasket crevice (13%). 
3. Spark plug thread crevice (5%). 
4. Valve seat crevice and any other crevices (2%). 
The amount of unburnt air/fuel mixture that is compressed into the crevice volume 
of an engine is dependent on the magnitude of the peak cylinder pressure that occurs 
during the engine cycle. The density of the unburned air/fuel mixture ahead of the flame 
front is approximately 4 times that of the burned mixture therefore a significant amount 
of unburnt fuel can be compressed into the crevice volumes. As the cylinder pressure falls 
during the expansion stroke, the unburned mixture compressed in the crevice volumes 
expands into the cylinder. A significant fraction of the unburnt mixture is oxidized in 
the cylinder or the exhaust port and thus does not contribute to the measured engine 
emissions. All the unburned mixture that is compressed into crevice volumes and does 
not oxidize during the main combustion duration represents a loss in efficiency of the 
engine. 
Figure 8.23 shows the variation of peak cylinder pressure with REF for the URC data 
measured with the FID. Figure 8.23 shows similar trends as the peak cylinder pressure 
data previously presented in Figure 8.9 on page 124 and can be explained in the same 
manner. It can be seen from Figure 8.23 that for REF's < 10% it would be expected that 
the contribution to URC emission levels from crevice volume effects are being underes-
timated, more so for A = 1.5, due to the lower than expected peak cylinder pressures. 
For REF's greater than 10%, the peak cylinder pressure decreases with increasing REF 
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and the cylinder pressures for both values of A are approximately the same. It would 
therefore be expected that the mechanism of crevice volume UHC emissions would have 
a greater effect on A = 1.1 due to the greater mass of methanol contained within the 
cylinder. The reduction in peak cylinder pressures between HEF = 15% and 40% is 
only 8% where as the UHC emissions reduced by 66% for both A = 1.1 and 1.5! Bell 
et al. [1996] found in their investigation into the use of alcohol fuels that advancing the 
ignition timing resulted in increased combustion pressures and UHC emissions. They 
suggested that the observed increase in UHC emissions was due to increased amounts 
of fuel being forced into the crevice volumes. It can be concluded that UHC emissions 
arising from the crevice volume mechanism will be contributing to the overall reduction 
in UHC emissions but it appears not to be the dominating mechanism. 
The fourth mechanism listed on page 137 is that of UHC emission formation due to 
quenching on the combustion chamber wall. As the flame approaches the relatively cool 
combustion chamber wall it is quenched leaving a layer of unburned mixture near the 
combustion chamber wall. The quench distance is inversely proportional to the laminar 
flame speed [Heywood 1988]. Therefore an increase in flame speed such has been ob-
served with hydrogen supplementation would be expected to lead to a reduction in the 
quench distance adjacent to the combustion chamber wall. This would result in reduced 
hydrocarbon emissions. The curve in Figure 8.22 for FID measured UHC emissions at A 
= 1.5 is similar to the curve for the variation of overall burn duration for A = 1.5 with 
increasing HEF in Figure 8.5. Both the 0 - 90% mfb duration and the FID measured 
UHC emissions initially display large reductions in value with hydrogen supplementation. 
Additional hydrogen supplementation however provides diminishing benefits. Figure 8.24 
shows FID isUHC emissions plotted against 0-90% mfb duration. Both A = 1.1 and A = 
1.5 exhibit a roughly linear relationship between UHC and 0 - 90% mfb. The difference 
in the slopes of the two plots could be due to differences in the rate of methanol mass flow 
rate reduction and effects of peak pressure reduction on crevice UHC formation between 
the two values of A. Thus it appears that the mechanism of UHC emission formation due 
to quenching on the combustion chamber wall plays a significant role in UHC emissions 
from a hydrogen supplemented engine. 
A reduction in hydrocarbon emissions would be expected to be accompanied by 
an small increase in oxygen utilization as the portion of previously unburned hydrocar-
bons are oxidized in the combustion process. This is in fact what was observed to occur. 
Figure 8.29 (on page 147) shows a reduction in oxygen emissions as the HEF is increased. 
To summarize, the trends observed in UHC emissions are for UHC emissions to de-
crease as HEF increases. The mechanisms responsible for the decrease in UHC emissions 
are thought to be: 
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250), It has been by Kyaw [1989] that the higher concentrations of H20 in the 
exhaust gas shifts the reaction in Equat.ion 8.9 to the right favoring the formation of C02 
and thereby reducing the level of CO. The trends observed in the data presented here 
are so slight that a conclusion as to whether this is happening or not cannot be made 
with certainty. 
Figure 8.26 shows trends in the variation of C02 emissions with REF for vari~ 
ous values of A, level of C02 emissions are greatest for A = 1.0 and decrease as the 
air/fuel ratio becomes leaner. For all values of A, the level of CO2 emissions decrease with 
increasing REF. trend is similar to that exhibited by the URC emissions and again 
reflects the reduction in methanol (and thus C atoms) being induced into the engine as 
the REF is level of CO 2 emissions were predicted from the stoichiometric 
combustion equation for methanol and hydrogen and are plotted in Figure 8.27 against 
the experimental results. It can be seen that the trends in the experimental data are in 
good with the trends predicted from the stoichiometric combustion equation. 
The levels of C02 emissions for the experimental data however are greater than those 
predicted by the stoichiometric combustion equation for all values of A. The stoichio-
metric combustion equation would be expected to overestimate the level of C02 in the 
exhaust as it assumes complete oxidation of all the fuel present and therefore does not 
take into consideration the presence of unburned hydrocarbon,', or carbon monoxide. It 
is known that CO and C02 concentration measurements via the NDIR technique are 
sllsceptible to errors due to the presence of water vapor [Heywood 1988]. \Vater vapor 
infrared (IR) absorption overlaps both the CO and CO 2 absorption bands requiring ex~ 
haust gas samples to be dried before entering the NDIR analyzer. Thus water vapor in 
the sample would result in the concentrations of CO and C02 being overestimated. The 
NDIR sample line included a water trap in addition to the built in water trap to ensure 
that the exhaust sample was dry. In addition, the overestimation of the CO 2 emissions 
was found not to increase with increasing HEF (and therefore H2 0 vapor in the exhaust 
indicates that the cause more than likely lies in the calibration of the NDIR 
analyzeL Figure 8.28 shows t.he variation in indicated specific C02 emissions with HEF 
for various values of A. It is apparent that isC02 emissions do not show much variation 
with air/fuel ratio but are reduced significantly as the HEF is Comparing 
8.25 and it is apparent that t.he level of isC02 emissions are much larger 
than the emissions of isCO which is to be expected for an 
overall air/fuel ratios. 
operating with lean 
Figure 8.29 shows the variation in the level of 02 emissions with for various 
air/fuel ratios. The 02 emission levels increase as the overall air/fuel ratio becomes 
leaner as would be expected with plenty of excess air being available for combustion. FbI' 
a particular air/fuel ratio the level of 02 emissions decreases as the HEF increases. The 
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actual level of 0'2 cmissioIlS are plotted aga.inst. t.he values predicLed frOIll the stoichiomet.-
ri c combustion equatioll (see Appendix G) in Figure 8.30. The a.etual experimcntal resul ts 
follow a s imilar trend to t.he pred ict.ed 02 emissions with t.hl' leanm air jfud mixtlll'(:'S 
('xh<''l.ust cont.ainin~ more oxygen than t hat of the richcr air/fnel ratios . The predicted 
em ission levels for a pa rticula.r air/ fuel rat io however l'f'rnain constant with incrcasinp; 
HEF in contrast to the actlU:.li experimental results which show ,1 dec rcase with incrca:;;-
ing HEF. This decrease in e rnissicHls witb illcreasing HEF' could be result.ing from a mot'(' 
complete cornbustion occuning due to '~ he higher Harne speed of hydrogen compared to 
methanol (see page 140). \Nbcther the predict'd morc com plet.e combus tion process is 
entirely responsible fo r the increase in oxygen utilization or not is not known bu t it will 
be a contribllting factor. rrom Figure 8.:~O it is a ppare nt that t he prcdicted values for 
0:2 cmissions compare fairly we ll for A = 1.0 However the stoi.chiornetric combustion 
cquation underest imates the act uu,l cxperime ntal valucs obtnined for A = 1:) morc· than 
it; do('s wit.h the A = 1.0 case . This COllld be du(' ). = L.G having a bigger quench dis-
Lauce due t.o a s lower burning mixture re:,; ulting in a signifiOlnt reduction in the ext.e nt 
of completion of t he combustion process This would account. ti)l' the o bscr ved i.ncrease 
ill uoth UHC a nd O2 emissions for A = L5. In gencral , the s t,o[ch iometric combustion 
equat ion should undcrcSLirnatc t he l 'vel of 02 emissions in tJlP exhaust due. to thf' a.ctual 
('ornbust ioll proces..-; not. oxidizitlg 100% of the fuel 
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8.8 Summary 
The key results of the investigation into the untimed manifold injection of hydrogen can 
be summarized by the following points, 
1. Increasing the HEF resulted in an increase in the rate of combustion for each value 
of A investigated. The effect of hydrogen addition was most significant on the 0-
2% mass fraction burned duration with leaner mixtures being affected to a greater 
extent than richer mixtures. 
2. The MBT spark timing was retarded at each value of A as the HEF was increased 
due to the increased rate of combustion. 
3. Increasing the HEF at a particular value of A results in reduced power outputs due 
to manifold injected hydrogen displacing inlet air. 
4. Increasing the HEF at a particular air/fuel ratio reduces COY IMEP 9 with leaner 
mixtures being affected to a greater extent than richer mixtures. 
5. Gross indicated brake thermal efficiency ('fJith) is highest with leaner mixtures and 
shows no clear trends as the HEF is increased. 
6. isNOx emissions were greatest for A = 1.1 and decreased as the mixture became 
richer or leaner. Increasing the HEF lead to decreased emissions for A = 1.0 and 
increased emissions for all leaner mixtures. 
7. isUHC emissions are greatest for the richest mixtures and decrease as the mixture 
becomes leaner. Increasing HEF results in decreased UHC emissions for all values 
of A investigated. 
8. isCO emissions are only significant for A = 1.0 and decrease as the mixture becomes 
leaner. For all other values of A, CO emissions decrease as the HEF is increased. 
9. isC0 2 emissions are greatest for A = 1.0 and decrease as the mixture becomes leaner. 
Increasing HEF results in reduced C02 emissions for all values of A investigated. 
10. O2 emissions are greatest for A = 1.5 and decrease as the mixture becomes leaner 
Increasing HEF results in reduced O2 emissions for all values of A investigated. 
The untimed manifold injection of hydrogen resulted in the expected benefits on 
the combustion process with an increase in combustion rate and reduced cyclic variabil-
ity. The engine performance characteristics are dominated however by the reduction in 
volumetric efficiency resulting from the injection of hydrogen into the inlet manifold. 
This resulted in reduced engine power outputs as the level of hydrogen supplementation 
was increased. There was no clear trend in thermal efficiency with an increase in HEF 
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as values remained fairly constant. All engine emissions except for NO x were reduced 
as the level of hydrogen supplementation increased. One interesting result was that in 
leaner mixtures, the addition of smaller quantities of hydrogen appeared to result in large 
improvements in cyclic variability and UHC emissions. This indicates that the greatest 
potential benefits of hydrogen supplementation appear to lie in operating the engine with 
lean mixtures, i.e. at part load. In addition to this, hydrogen supplementation by reduc-
ing cyclic variability would allow the lean operating limit of the engine to be extended, 
further improving the engine efficiency and emissions. Although untimed manifold injec-
tion is technically very easy to implement, the major drawback of the system is the loss 
of volumetric efficiency and hence power output of the engine. This drawback will be 
overcome by the early direct injection of hydrogen into the combustion chamber which 
is the subject of the next chapter. 

Chapter 9 
Early Direct Injection Results 
In this chapter the results of an investigation into the early direct injection of hydrogen 
into the combustion chamber will be presented. Preliminary investigations into early 
direct injection, early direct injection timing and lean air/fuel mixtures are discussed. 
A schlieren investigation looking at the injected hydrogen distribution of both the early 
direct injector and the modified spark-plug injector is outlined. A set of engine test 
results comparing the three methods of supplying supplementary hydrogen to an engine 
including the effects on the combustion characteristics, engine performance and emissions 
are presented and discussed. The results of an investigation into the effects of injection 
duration on the performance of the modified spark-plug injector is then presented. 
9.1 Introduction 
The initial aim of early direct injection of supplementary hydrogen was to overcome the 
volumetric efficiency and resulting power losses that are the major detrimental feature of 
hydrogen supplementation via untimed manifold injection as discussed in the preceding 
chapter. Direct injection also offers the potential to form stratified air/fuel mixtures in 
the combustion chamber. 
9.2 Preliminary Engine Testing 
Glasson [1992]' during his investigation into the fuelling of a Ricardo E6 engine with 
hydrogen, determined that a delay of 9 ms (the time between the start of injection at 
260 0 ATDC and ignition at 345 0 ATDC at 25 rps) is required for the formation of an 
apparently homogeneous charge. Glasson's injection duration was 14 °CA. 
A simple experiment was conducted operating the engine at A = 1.0, REF = 10% 
with early direct injection of hydrogen and progressively retarding the injection timing. 
The NO x emissions were observed to increase when hydrogen injection commenced at 
260 0 ATDC and ended at 290 0 ATDC. As the longest estimated injection duration was 
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:::::;70 °CA, commencing hydrogen injection immediately following the closUl'e of the inlet 
valve (at 220 OATDC) should result in a homogeneous mixture being formed as was the 
case with untimed manifold injection, 
9.2.1 Engine Configuration 
The engine's primary fuel is manifold injected methanol. The main fuel can be supple-
mented with the early direct injection of gaseous hydrogen via the high pressure hydrogen 
supply system described on page 94 and the hydrogen injector configurations described 
from page 39. In all cases, the injection of hydrogen into the combustion chamber com-
menced at 220 ° ATDC, the inlet valve having closed at 216 ° ATDC, in order to achieve 
a homogeneous air/fuel mixture 1. A constant hydrogen supply pressure of 48.2 bar 
(700 psi) was used to achieve sonic injection thus negating the influence of variations 
in combustion chamber pressure upon the injected flow-rate (see page 28). Varying the 
hydrogen injection duration therefore varied the quantity of hydrogen injected. As in the 
untimed manifold injection investigation described in the previous chapter, testing was 
carried out over a range of REF's at each value of .\, Due to flow rate limitations of the 
direct injection hydrogen fuel injector at the supply pressure being used (see page 34), 
the maximum REF obtainable at .\ = 1.0 and 1.1 was 20%. The maximum obtainable 
REF at .\ = 1.3 and 1.5 was 30%. The injection durations varied from 13.6 °CA (.\ = 
1.5, 5% REF) to 66.2 °CA (.\ = 1.3, 30% REF). The amount of each fuel being delivered 
was varied so as to maintain the same overall air/fuel ratio (or relative air/fuel ratio, 
.\). As with the manifold injection engine testing, all engine testing was carried out at 
a compression ratio of 10:1, at an' engine speed of 1500 rpm and at wide open throttle. 
The level of inlet air heating used was approximately 364 Watts. Thus the operating 
conditions are the same as those used in the untimed manifold injection investigation. 
9.2.2 Results 
Preliminary engine testing of the early direct injection system was completed over the 
same test matrix as was used for the untimed manifold injection testing. When the data 
were analY7,ed, certain results were unexpected given the clear results that were obtained 
from the untimed manifold injection system. Only these key results will be presented 
here to form the basis for discussion. A full set of direct injection results with accompa-
nying discussion will be presented later this chapter. 
I Not,e:- The schlieren photography investigation of t,he early direct. injector performance (see Section 
4.4) indicated t,hat t,here is a delay of approximately 1.8 ms between the st,art of injection and when the 
hydrogen plume is first visible ent,ering the combustion chamber. At an engine speed of 1500 rpm, this 
equates to a delay of approximately 16.2 DCA. Thus as the hydrogen inject.ion was commenced at 220 
° ATDC, the hydrogen would not actually be ent,ering the combustion chamber until approximately 236.2 
°ATDC! 
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Figure' n. t shows t.11(' df['ct. of hydrogen nd d it.ion on the poly t ropic illC\0X o f r om pn's-
s ion calc ula ted from mc().S u)'( ~d c.vlilldn pn'Si'ime a.nd crank-a ng le da t.a a t, cach t,es t po int. 
The polytropic index is calculated frotll logarithmic presslJrc/volulIH' da ta Iwtwccll 220 
o ATDC a.nd 320 () ATDC, The polytropic iudex of compression val lies for 0% HEF canllo t. 
be cornparcd direc t.ly wit,h t hos(' pr('s~n t ('rl in F igmc 8.1 for untimc.d manifo ld illj('ct ioH. 
T he rea.<;o n for thb is that u syst,('!wJ\,i c Nf()r ill t,he acquired combus t.ion press ure da t.a 
was discovered to have OCC UITCd durillg t,iw uut.illlc'd manifold inj ection test ing. Thus 
while absol1l te val1les from F' iglll'(, 8 .1 canoot b(! cOIllpareo wi t. h a comparison between 
t.1t, t rf'nds is still valid. This N!'Or was corr "ct(!d bcf'ure allY of the early clir('ct. in.;ee r-ion 
or co mpara tlv' test ing wa..;; ulldertaken. A fuller d(' ser ip t io!l of t.11(' p ressure data er ror 
Gi.\1l b found o u p iJg C tG7. 
The a.ddit.ioll of hydroge n has t he efFec t. o f raising !,he polyt. ropic iudex o f compres-
s ion fo r aJi air/flll'l rat.io.'i as was found in the un t itnt'd ma.nifo ld i!lj('cl. ion invcst. iga t io n. 
It is a b o quite·lear th;'ll, t hf' t,re- nds follownd for t.he various ov('ra ll air/fllel ra.t.ios 3 f( ' 
qui t (' rliffNCllt. fro m t hose t n' nds observed with untinw d nliwifold iuj(!ct.ioTl (S('(' F igure 
8.1 OIl page 1 U"»). At Or% HEF, f1" is greatest for t he !ca.1l mixtures awl smalle.:;t for the 
rich mix t ures as was OhSf!I' V{'d wi t h llnt.irncr\ IIId.n ifold inj cc tion. As 1,110. HEF i.s in c rcil~('d 
t.o 20%, the obscrvat;ioll is l'(' vCl'scd with the richer mixtures luwing a. great.er valuc of 
II". The value of Ilc vari ed (l 02 hetwee ll 0 alld .')0% HEF in t he untilllcd IIl ~HliJo ld c aSt' 
but va ries 0.07 between 0 and :10% HEF in t.lw ( ~ (trl.Y direct inject ion case. T lte diH·('rcnJ 
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trends and degrees of influence can be explained as follows: In the untimed manifold 
injection case, no additional mass enters or leaves the combustion chamber after the inlet 
valve closes2 . Thus the changes in ne from test point to test point are due to changes in 
charge composition and heat transfer. For the early direct injection case however, after 
the inlet valve shuts supplementary hydrogen is injected into the combustion chamber. 
This injection of hydrogen occurs over varying durations of crank-angle depending on the 
REF, adding mass to that which had been induced through the inlet manifold. Thus the 
value calculated by fitting a line of best fit to the compression part of the logarithmic 
p-V diagram (see page 78) is no longer representative of the index of compression. The 
value of ne calculated during the early direct injection work will be referred to as being 
the apparent index of compression, ne,app' The added mass increases the value of ne,app 
resulting in the observed change from lean mixtures having the greater ne,app at 0% REF 
to rich mixtures having the greater ne,app at higher levels of REF. 
The effect of changes in ne on the efficiency of an engine has been discussed previ-
ously for manifold injection on page 114. vVith manifold injection, the increase in the 
value of ne reflected the increase in the specific heat (r) of the air/fuel mixture. With 
direct injection, the increase in the value of ne,app reflects both the increase in specific 
heat of the mixture and the mass which is injected into the cylinder after the inlet valve 
is closed. Rence while the value of ne for manifold injection can be used in Equation 8.1 
to determine the theoretical cycle efficiency, the value for ne,app for direct injection cannot. 
Increasing the REF via direct injection will result in an increase in the Otto cycle 
efficiency of the engine as was the case with manifold injection due to the increase in 
the ratio of specific heats for the mixture. The mass of hydrogen added after the inlet 
valve has shut would be expected to also result in a higher pressure after compression 
and higher overall cycle pressures. 
A mass fraction burned (mfb) analysis was carried out on the cylinder pressure data 
acquired at each test point. Figures 9.2 to 9.4 present the results of this analysis showing 
the effect of hydrogen addition on each different phase of combustion. 
The trend in 0-2% mfb durations with increasing REF as shown in Figure 9.2 in 
particular is very different from that obtained with untimed manifold injection. With 
untimed manifold injection, increasing the REF at a particular value of A resulted in 
large reductions in the 0-2% mfb duration. This is not apparent for early direct injection 
where the 0-2% mfb durations only reduce very slightly with increasing REF. In addition, 
it appears that the 0-2% mfb durations for A = 1.3 and 1.5 at 30% REF are greater than 
2 Assuming that any blow-by effects are negligible 
D.2 rRELl1vUNAIW ENGINE TESTING 
Variation of 0-2% Mass Fraction Burned Duration with 
Hydrogen Energy Fraction 
20 
• 
<" 18 • 0 • 
-c: • • 
0 16 ~ • Lambda 1.0 
::l 
• Lambda 1.1 0 14 
>-
.l. Lambda 1.3 IV 
.... Oi 
0 12 • Lambda 1.5 c 
:B 
• • ~ 10 • • -+ • 
• • 
8 
0% 5% 10% 15% 20% 25% 30% 35% 
7.5 
;t 7.0 
0 
0 
c: 6.5 0 
! 
::J 
0 6.0 
-c: QI 
~ 5.5 
0 
Q; 
> QI 5.0 0 
QI 
E 
.!! 4 .5 u. 
4 .0 
0% 
Hydrogen Energy Fraction (HEF) 
Figure 9.2 Elli:c! of H yd rog{ ~ n S II[lp lmllc n t.ftt,iOIl on 0-2% mtb 
Variation of 2-10% Mass Fraction Burned Duration with 
Hydrogen Energy Fraction 
• I 
• 
... 
• Lambda 1.0 
• _ lambda 1.1 I 
• ~ 1 I .... Lambda 1.3 
"-
1 .... • • Lambda 1.5 • • j • .... 
• • • 
• • 
5% 10% 15% 20% 25% 30% 35% 
Hydrogen Energy Fraction (HEr) 
Figure 9.3 Effed of H 'drogcn Supphllr.ntatioll nil 2- IO'XI llI tll 
156 
27 
<" 25 
u Q.-
C 
.2 23 
iii 
:; 
a 21 
c g 
!II 19 ::I 
..0 
E 
CHAPTEH 9 EA llLY DLRECT [NJECTION RESULTS 
Variation of 10-90% Mass Fraction Burned Duration with 
Hydrogen Injection Duration 
• I • • • + -
• Lambda 1.0 
• 
• Lambda 1.1 
... 
.. Lambda 1.3 
t • Lambda 1.5 
• 
[ 
• • 0 
::1 -. • u • .-• • I 
0% 5% 10% 15% 20% 25% 30% 35% 
Hydrogen Energy Fraction (HEF) 
Figure 9.4 Effect of l'lydmgpn u pp lcmcllhttion OIl 10-90% rn fi} 
would be expected given t.he trends exhibit.ed for rhe lower HEF 's. The principle reason 
for a substn.ntif.l.lly slower h1lrn duration wou ld hc because of a leaner air/fuel rnixtur . If 
a lca ner homogeneous Illixture WiJS t he cause it would be expected that all the various 
mfb du.['ation::; would be a ffected ill i;1 similar maImer (as W,)::; found to be the case with a 
manifold injection t.est point t.hat. was slight.ly richer t.han required). Referring to Figmc:.; 
9.3 and 9.4 , this is clearly not t he case. IncolTecLly specified spark timings when posL 
proccssing the pressure data. would resul t in differences to t he 0-2% mil) durat ion withou t 
aHecting the subsequent 2-10% ann LO-90% mth durations. This was inves t igated and 
the correeL spark t imings we re found to have bCf: ll llS d when post processing the di:lta, 
eliminat ing tltis possible cause. As t hese test points were Required Oil separnte days t.he 
fac t that both the points ill question occu r at: HEF = 30 (~) would appear not to be due to 
experimental error. The aetual reason for these two points being higher than'xpccted 
alld t he lack of effect. that int:reas ing HEF" s have 011 t he 0-2% mil) durat ions callnot be 
deduced from the data present ed to date. Evidence will be presented in the following 
sect ions thaL shows t.hat; t hese slower 0-2(Yc'l mrb durat ions are due to t.he injected hy-
drogen no t reaching t he spark-plug by ignition t.ime . Thus i) S the HEF is incrcas(;d, t he 
mixtuJe being igni cd is a progressively lcaner rnixturc of rncthi.1.1101 and air . Compared 
to the corresponding plots for tJw Ulll".i rncd manifold in.iection case (se(\ pages 117 to ll~ ), 
F igures 9.:.1 and 9.4 {'xhibit similar t r nels but with distinct ly diffe rent magnitudes . For 
bot b Lhes' phases of combust ion , the burt! duration decreases wil:h incrcasillg levels 0 (' 
HEF The reduct ion in b ul'Il duration with increasillg HEF is hmvcvcr not as pronoullced 
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as was the case wit.1t lIntilllcd mallifold illjection. 
T he ot,her key resllit. is the variat.ion in COY IhH.: J'q wit. h HEF. Figu!"(' 9.:; shows t. he 
variation in COY J M f:PI} wi t. h HEF for varions i.lir/ft\( ~ l l"i;lt.ios. The va lncs for>. = l. rj. 
wit.h HEF' = 20% and :W% a l"c !!:}"( ~atcr t.hilll would br' expected giv 'n til trf' nd of t he 
vaJues at lowN HEf 's. As not.cd pr< ~ viously. ('h(' 0-2'Xl mfb dma tion for>. = l.S , :30% 
HEF is a lso greater th ;-w would be expec ted. For all other va illes of >. , t.he COy I M /':/ 'g 
is reduced ;;\5 the HEF is inC1T'<1sl'd although not to sHell a.n extcll t. as was t he case for 
ulltimcd rnunifoJd inj ect ion of hydrogen (SC(' Figure H.1G OIl png(' l29). 
AsslIw iug" t hat a homogellC'olls a ir/fuel mi xtu r(' is formed by l oth t.he lllltimcd man-
ifold awl tit early di rect injection systems, t hf'H' a.r(' t.wo diH'('r<'llC('S bet.ween t; hc two 
systems. T he first is t he du ration that. the hyrirog(,11 is reside!Jt. in t. h ' c.:y liuuer. The 
sN:ond is t.hat. in the case of hyd roge ll beillg illj<'ct.ec\ di 'ectly in t.o t ile combustion challl-
bel" I t.b<' injecu'd hydrop;en je ts will illduce localized t mhlllencc t.lmt is no t. present in 
t he uOLi meo manifold IlIj<'ct ioll sy ·t 'IlL The effect. s of chaugi Uf!; inj ('ction d mation (a nd 
consequcll t ly t he level of localized turbulence) o n the combllstion process will be invcs-
t. iga t.ed in the Ilext. sectio n. 
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17m II A = 1.0 I A = 1.1 I A = 1.3 I A = 1.5l 
U ntimed Manifold 72% 71% 68% 65% 
Early Direct 77% 76% 73% 70% 
Table 9.1 Comparison of Mechanical Efficiencies 
systems were compared against each other, it became apparent that the values for 0% 
REF cases were not in reasonable agreement (allowing for experimental error). The 
engine parameters of concern were: 
1. Brake Power 
2. All mfb Durations 
4. Tlith 
Investigation revealed that the differences in brake power could seemingly be ac-
counted for by the substantially different inlet conditions the existed between when each 
of the systems were tested. Confidence can be placed in the values of P corrected obtained 
during engine testing as the measuring system employed is a mechanical one comprising 
of a spring balance and weights on a torque arm. 
It therefore seemed that the problem could lie with incorrect pressure data. The 
mechanical efficiencies (see page 242 for calculation details) of the untimed manifold and 
early direct injection cases at 0% REF for the range of A's were calculated to gain further 
insight into the problem. The results are presented in Table 9.1. 
Table 9.1 shows for both the untimed manifold and the early direct injection cases, 
the mechanical efficiency decreases as the mixture becomes leaner. This result is ex-
pected because as gross indicated power decreases with decreasing mixture strength at 
the same speed and throttle setting, the pumping work remains the same and is reflected 
in the value of corrected brake power. Thus at lower loads a greater proportion of the 
engine power produced is being used to pump mixture in and out of the cylinder and TIm 
decreases. The most interesting point in Table 9.1 is that although both systems exhibit 
the same decrease in TIm with increasing A, they are offset from each other by 5%. It 
would be expected that both systems should have the same TIm at a particular value of 
A. Thus it appeared that the combustion pressure data was suspect. 
9.:3 INJECTION DURATION INVESTIGATION 159 
The following parameters all affect the value of combustion pressure that is measured 
and calculated via post processing software: 
1. Clearance volume 
2. Compression ratio 
3. Piezo-clectric pressure transducer calibration 
4. Phasing of the data 
Investigations revealed all to have been accurately specified and that no rotation 
of the rotary encoder relative to the crank-shaft had occurred. Further investigation 
revealed that an electronic circuit that had been added between the charge amplifier 
and the screw terminal accessory board during the untimed manifold injection testing 
to reduce the impedance of the charge amplifier output voltage signal was faulty. A 
time delay was being introduced to the combustion pressure voltage signal resulting in 
an incorrectly phased graph of the motored 10g(P) verses log (V) being observed when 
tested. The time delay being introduced could not be accurately measured but was 
estimated to be ~ 1.2 DCA. This circuit had been replaced by one of the Department's 
multipurpose operational amplifier units before the main engine testing was carried out 
and thus no other electronic data was affected. The trends shown in the preliminary 
manifold injection investigation were found to be consistent with the trends found when 
further comparative testing between all three injection systems was carried out. As 
none of the data presented in the preliminary manifold injection investigation were used 
in drawing conclusions between any of the three injection systems, these results were 
presented to form the basis for discussion on the effect of increasing REF's on methanol 
combustion. 
9.3 Injection Duration Investigation 
9.3.1 Introduction 
This section of work was undertaken to elucidate what (if any) effects changing the du-
ration hydrogen was injected over has on the combustion process. 
The residence time of hydrogen in the combustion chamber is longer for low levels 
of REF compared to the hydrogen injected later in the compression stroke with higher 
levels of REF. In addition to this, for the same REF the end of hydrogen injection is 
much later for richer overall air/fuel ratios than for leaner overall air /fuel ratios. 
The possible effects of lengthening the injection duration are: 
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@ Stratification of the charge due to late injection and poor in-cylinder mixture mo· 
tion. 
@ Decreased residence time of the hydrogen in the cylinder possibly resulting in re-
duced dissociation of hydrogen and subsequent formation of H+ and OH- radicals, 
therefore resulting in a reduction in pre-flame reactions, adversely affecting the 
combustion of the charge. 
" Higher levels of localized turbulence being induced in the combustion chamber by 
the high velocity hydrogen jet. 
An experiment was devised that enabled the injection duration of the injected hy-
drogen to be varied with all other engine operating parameters remaining constant. 
9.3.2 Experimental Procedure 
The hydrogen injection system being used achieved sonic injection with careful selection 
of supply pressure and thus negated the influence of variations in combustion chamber 
pressure. The hydrogen injection duration and supply pressure (within limits) are there-
fore the only factors influencing the quantity of hydrogen that is injected. 
The overall relative air/fuel ratio chosen for this investigation is A = 1.3 as it would 
allow the effects of any stratified charge combustion of the injected hydrogen (which 
would burn with a locally rich A/F ratio) to be easily distinguished from that of the lean 
manifold induced methanol charge. 
The HEF used was 10% so that a relatively low pressure could be used and still in-
ject the required quantity of hydrogen before charge stratification was thought to become 
likely. The hydrogen supply pressure could then be raised to allow the same quantity of 
hydrogen to be injected but over a much reduced duration, increasing both the residence 
time and turbulence in the combustion chamber. 
The first experimental run was conducted with a hydrogen supply pressure of 27.5 
bar (400 psi). It was determined that an injection duration of 40 degrees crank-angle 
was required to give a HEF of 10%. The second experimental run was conducted with a 
hydrogen supply pressure of 48.3 bar (700 psi). With this increased supply pressure, an 
injection duration of only 24.6 degrees crank-angle was required to give a HEF of 10%. 
Thus without changing any other engine parameters, the residence time in the cylinder 
was able to be altered. The third experimental run was conducted with a hydrogen sup-
ply pressure of 37.9 bar (550 psi) to give an injection duration of 29 DCA. 
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For t.he first test point. in each run, injection started at 220 0 ATDC and the start 
of injection for successive test points was retarded progressively by 10 degrees from the 
previous. 
9.3.3 Engine Configuration 
The engine's primary fuel was manifold injected methanol. The amount of each fuel 
being delivered was kept constant so as to maintain an overall air/fuel ratio, .\ = 1.3. 
The main fuel was supplemented with the early direct injection of gaseous hydrogen. 
All engine testing was carried out at a compression ratio of 10: 1, an engine speed 
of 1500 rpm and at wide open throttle. The level of inlet air heating used was approxi-
mately 364 Watts. Thus the operating conditions are the same as those used in both the 
untimed manifold injection and preliminary early direct injection investigations. 
The spark timing was set to 16°BTDC (MBT for 10% REF when the start of injection 
was 220 ° ATDC at .\ = 1.3) and remained at this value for all of the tests. If the injection 
duration does have an effect on the combustion process, it will be highlighted by the use 
of a constant spark timing. 
9.3.4 Results 
In order to understand what effect (if any) changes in hydrogen injection duration has, 
the combustion process will be examined. 
Figures 9.6 to 9.8 show the effect of differing hydrogen injection durations and tim-
ing on each of the mass fraction burned durations. Each of these graphs shows a clear 
general trend that for shorter injection durations, the combustion of the charge is faster 
than that for longer injection durations. 
Figure 9.6 exhibits some other distinguishing features that are not present in Fig-
ures 9.7 and 9.8. For each of the three injection durations, as the start of injection is 
progressively retarded, the 0-2% mass fraction burned duration steadily increases before 
reaching a plateau. For the 40 degree crank-angle injection case this occurs with a start 
of injection of approximately 240 ° ATDC. For the 29 and 24.6 DCA degree crank-angle 
injection cases, this occurs slightly later with a start of injection of approximately 260 
° ATDC. Bearing in mind that the hydrogen injector is located in the spare spark-plug 
hole which is on the opposite side of the combustion chamber from the spark plug being 
used, the observed insensitivity to the injection duration being retarded past 260 ° ATDC 
suggests that there is insufficient time for the 0-2% mfb duration to be affected by the 
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32[) n ATDC (or :.~.5 l) I3TDC). At th is point in the compression stroke , the inj ect ion of 
hydrogen in all t hrce cases (cxcept the 40 vCA inject ion which starts at 290 () ATDC) is 
("omplct~ . There fore the diffe ring inj('cLion dmations will not have any drect, on the cx-
t;('nt. of hydrogen dissociation or pre-Harne reactions a nd can t hc refore' not be responsihle 
for thc observed ditkrences in co mbustion durat ioll, 
Another possible expla nation for thc' ob::;('[vcd tl'f'nds is t hat t he illj ec ted hydroge:n 
does not have t ime to form a homogeneous mixture wi th t he exis t ing homogeneous cha.rge 
of met hanol and ;.~ir in the cylinder. Thu:c; the ehargc is stratified t.o some dcgrc '. This 
bei ng the cas(' the re will be a Icgion in t. he' cylinder closesl to t.he hydroge n injector 
containing methanol , h.Y'drogen and air. Th rc will also be a reg ioll furthest from the 
hydrogen inject.or (i.c. closest to the s pa.r k-p lug) containing only m ethanol and air The 
emission leve ls of CO should increase as the former reg ion bmrts richer than the latter 
region. Referring to I?igurc 9.9 , it can be observcd tJu).t t.he emiss ion levels of CO increase 
for inject ion ti mings after 240 (! ATDC for the 40 DCA injec tion case and after 2,50 °ATDC 
for t he 24.6 and 2l:J DC A cases. This indicat.es tha t t,here is some degrec' o f charge s l.rati -
hea.l. ion as the star t of inject ion is incn 'E.lsingly retard ~d. The sho rter injcc(.ion durations 
which have ltig;her flow-ra.tes alld more t ime ftl f mixing would rC.':illlt in reduced levels of 
s t. ratificat io n. As the hydrog;cll injector a nd spark-plug arc dia.mct,rically opposite each 
o t her on citlH~r sid(~ of t.he combusl;ion charnbcr , nxillced strat.ificat.ion \vould resul t in 
marc hydrog;en in the vicini ty of thc' spilrk-plug . This would be c)(pecteci to resul L ill 
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reduced ignition delay durations as has been shown to occur in Figure 9.6 as the 0-2% 
mfb duration in hydrogen supplemented mixtures is known to be dominated by the high 
laminar flame speed of hydrogen [Rauckis and McLean 197~11 , [Heywood 19881. With 
the earliest injection timings, the level of stratification could be relatively slight, showing 
up as longer 0-2% mfb combustion durations but not producing significantly increased 
CO emissions. The trends apparent in Figure 9.9 would indicate that lower injection 
pressures and the associated longer injection durations lead to greater degrees of charge 
stratification than do higher injection pressures and reduced injection durations. The 
injection pressure used for the preliminary early direct injection work was 48.2 bar (700 
psi) and the injection was started at 220 0 ATDC. In most cases, injection had ended 
before 270 0 ATDC with the latest end of injection being 286.2 0 ATDC. Thus based on 
these results, any charge stratification in the preliminary early direct injection testing 
would not have been evident in the engine emissions but possibly evident in the 0-2% 
mfb results. 
The third possibility for the observed differences in combustion rate is the turbulence 
that is induced in the cylinder by the jet of injected hydrogen. Increased in-cylinder tur-
bulence is known to increase the rate of combustion in an engine. Increasing in-cylinder 
turbulence is a commonly used technique for increasing the combustion rate in lean burn 
engines which suffer from inherently slow combustion rates [Heywood 1988]. Referring 
to the schlieren photographs of the five hole nozzle arrangement on page 51, it was fOlmd 
that the injected hydrogen jets have a high initial velocity. A later schlieren investi-
gation with a much enlarged field of view revealed that the injected hydrogen jets had 
low momentum and the jet velocity decreased markedly after the completion of injection 
(see page 171). At the projected time of ignition the mixture in the schlieren bomb 
appeared to be close to quiescent with very little localized turbulence remaining. The 
direct injection of hydrogen into the combustion chamber will therefore have very little 
effect on the level of localized turbulence in the cylinder. It is thought that this mecha-
nism would be contributing very little to the observed differences in combustion duration. 
The trends observed in the mass fraction burned durations are also reflected in the 
behavior of other engine combustion parameters in a manner that is expected and has 
previously been discussed in the untimed manifold injection results. 
9.3.5 Conclusions 
From this investigation into the effect of injection duration on the combustion processes, 
the following conclusions can be drawn: 
1. The duration of hydrogen injection has a significant effect on the observed com-
bustion durations. For a given injection timing, shorter injection durations lead to 
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reduced combustion durations. 
2 The injection timing has an eHect on the combustion duration. Retarded timings 
result in longer combustion durations. 
3. There is little variation in 0-2% mfb duration with injection duration when retarding 
the injection timing beyond 260 0 ATDC. 
4. Advancing the injection duration beyond 260 0 ATDC results in no further reduction 
in the 10-90% mfb duration for the shortest injection duration. 
5. DiHerences in injection duration will not be contributing to the degree or extent of 
the dissociation of hydrogen or pre-fiame combustion reactions. 
6. The extent to which turbulence induced by the injected hydrogen jet is aHecting 
the combustion process is unknown but it is thought to be minimal. 
7. There appears to be some degree of charge stratification occurring in the combustion 
chamber which is especially evident in the 0-2% mfb duration results. It is thought 
that charge stratification is the dominant mechanism responsible for the observed 
combustion phenomena. 
9.4 Lean Mixture Investigation 
The results from the untimed manifold injection and preliminary early direct injection 
investigations indicated that hydrogen supplementation was particularly beneficial in 
leaner mixtures. An investigation was therefore undertaken to determine the eHects of 
hydrogen supplementation in lean mixtures. The value of REF used was 30% as this is 
the maximum value obtainable using early direct injection at A = 1.5. The hydrogen 
supply pressure was 48.2 bar (700 psi) and the start of injection 220 0 ATDC as was used 
in the preliminary early direct injection investigation, 
Initial attempts to operate the engine at A = 2.2 and 2.0 with 30% REF failed as the 
mixture was obviously outside of the engine's equipment lean limit. At A = 1.8 however, 
the engine was able to be run albeit extremely roughly with significant misfire and back-
fire. The mixture was set to A = 1.8, 40% REF in order to achieve better combustion 
but the engine performance deteriorated further. At A = 1.8, 50% REF the engine would 
not run at all. It was apparent that the supplementary hydrogen was barely reaching the 
spark plug if at all in the 30% case and as the REF was increased (and the methanol fiow-
rate decreased), the spark was having to try to ignite an increasingly lean methanol/air 
mixture. Returning to A = 1.8 and 30% REF, the start and finish of injection were 
progressively advanced while keeping all other engine operating parameters constant. 
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The combustion became more stable as the injection timing was advanced thus allow-
ing more time for the injected hydrogen to reach the spark-plug. It was concluded that 
there was indeed a stratified mixture being formed in the combustion chamber with the 
early direct injection system contrary to the assumptions that had previously been made. 
An experiment was devised to investigate the level of stratification present in the 
engine and see if it could be overcome by injecting earlier in the compression stroke 
before the inlet valve shuts. Row far the injection could be advanced from inlet valve 
closure before the volumetric efficiency of the engine started to become adversely affected 
would be the limiting factor. The engine configuration was changed so that either the 
early direct injection injector or the modified spark plug injector could be used (but 
never both at the same time) by switching the injection signal from the engine man-
agement system to the appropriate injector. The engine was again run at 1500 rpm at 
A = 1.8 and 30% REF with an initial start of injection of 230 ° ATDC. The data was 
taken from the engine at this injection timing using both the early direct injector and 
the modified spark-plug injector. The MBT spark timings for the early direct injector 
and the modified spark-plug injector were found to be 320 ° ATDC and 340 ° ATDC re-
spectively. These spark timings were used for their respective system throughout the test. 
Figure 9.10 shows the effect that varying the start of injection has on both the 
COY I!v1 EPg and the volumetric efficiency for the early direct injection system. It can be 
seen that injected hydrogen starts to adversely effect volumetric efficiency when the start 
of injection is advanced past 180 ° ATDC (i.e. 36 °CA before the inlet valve closes). A 
start of injection of 170 ° ATDC corresponds to the point at which the COV11V1EPg reaches 
a point where further advancing the injection timing results in negligible improvements 
in the combustion stability. Thus using a start of injection of 170 ° ATDC with the early 
direct injection system appears to result in a homogeneous air Ifuel mixture with only a 
very slight adverse effect on the volmnetric efficiency. 
Figure 9.11 compares the effects of varying the injection timing on the value of 
COY 1 M EPg between each injection system. It can be seen that with an injection timing 
of 230 ° ATDC the combustion in the early direct injection system is very rough com-
pared to that in the modified spark-plug injector system. Advancing the injection timing 
in the early direct injection case gives the marked reduction in combustion variability 
already shown in Figure 9.10. For the modified spark-plug system however, the combus-
tion variability is already very low with an injection timing of 230 ° ATDC and further 
advancing the injecting timing has little effect. As the injection timing is advanced past 
170 ° ATDC there is little difference between the values of COY 11v1 EPg for each system. 
The COV1!v1EPg for the modified spark-plug system however is always slightly lower than 
that of the early direct injection system. These results clearly indicate that unless the 
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supplementary hydrogen is injected before 170 ° ATDC with the early direct injection 
system, the resultant air/fuel mixture will be stratified, 
Figure 9.12 shows the effect of varying the injection timing on IMEP 9 between each 
injection system, During engine testing it was found that if the engine was operated with 
the modified spark-plug system and a spark timing of 320 ° ATDC (MBT for the early 
direct injection system), the combustion phasing was too advanced, Thus combustion 
data was acquired for spark timings of 320 ° ATDC (for comparative purposes) and 340 
° ATDC (MET spark timing for the modified spark-plug arrangement). For injection 
timings advanced of 170 0 ATDC, the values of IMEP 9 for both systems with MBT spark 
timings coincide. The values of IMEP 9 for the early direct injection system with injec-
tion timings retarded past 170 ° ATDC fall away dramatically from the values obtained 
with the modified spark-plug system. This is due to the increase in combustion vari-
ability resulting from attempting to burn an increasingly stratified charge. The values 
of IMEP 9 for the modified spark-plug system with a spark timing of 320 ° ATDC are 
clearly lower than those obtained with a spark timing of 340 0 ATDC, reflecting the over 
advanced combustion phasing observed during engine testing. An interesting point to 
note is that for injection timings advanced of 170 0 ATDC, the same values of IMEP 9 
were obtained from the early direct injection and the modified spark-plug injection sys-
tems with spark timings of 320 ° ATDC and 340 ° ATDC respectively. This implied that 
combustion is occurring at a faster rate in the modified spark-plug injection system than 
it is in the early direct injection system with the same level of hydrogen supplementation, 
Figure 9.13 shows the effect of varying the injection timing on the 0-2% mfb duration 
between each injection system, The 0-2% mfb duration for the modified spark-plug 
system is 15 - 20 °CA lower that that for the early direct injection system for the same 
injection timing, The 2-10% and 10-90% mfb durations for both systems are close in 
magnitude and plots of these quantities have been omitted for brevity. Thus it appears 
that it is the faster 0-2% mfb duration of the modified spark-plug arrangement that is 
responsible for the more retarded MBT spark timing of modified spark-plug system, The 
shorter 0-2% mfb duration would also be likely to be responsible for the lower value of 
COY [MEPg compared to the early direct injection system as observed in Figure 9.11. 
The most likely reason for the observed short 0-2% mfb duration is that there is a 
hydrogen rich region remaining near the spark-plug at the time of combustion initiation. 
To further investigate the injection process of hydrogen into the combustion chamber, a 
further schlieren photography investigation was carried out. 
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9.5 Schlieren Photography Investigation 
In order to further investigate the injection of hydrogen into the combustion chamber 
by both of the direct injection systems used, a further schlieren investigation was under-
taken. The constant volume bomb used in the preliminary schlieren investigation had 
since been modified to allow a much enlarged field of view to be observed during an 
injection event. 
For the modified spark-plug arrangement, the injector was fitted in a custom made 
end of the bomb which allowed the electrodes of the spark-plug to be visible in the resul-
tant schlieren photograph. Due to physical limitations in the construction of the bomb, 
the angle of the modified spark-plug arrangement is 60° from the horizontal compared 
to 40° in the actual head of the engine. In addition, the electrode is approximately 10 
mm closer to the center of the combustion chamber than is the case in the actual engine. 
These differences were not thought to be of consequence for the modified spark-plug in-
jector arrangement as the primary interest was in the area around the spark-plug at the 
projected time of ignition. For the photographs of the early direct injection system, a 
spare Ricardo E6 engine head was fitted to the top of the schlieren bomb. Due to the 
physical layout of the bomb this meant that the end of the injector could not be seen 
in the resulting photographs. This was not seen as being problematic as the primary 
interest was in how close the injected hydrogen was getting to the spark-plug at the 
projected time of ignition. The advantage of using the Ricardo E6 head was that the ori-
entation of the injector with respect to the combustion chamber is as it was in the engine. 
All timings and injection quantities used in the schlieren investigation were chosen to 
replicate the engine operating parameters used in the engine testing described previously 
at A = 1.8 and 30% REF (see page 166). The first pair of schlieren photographs simulate 
an injection timing of 230 ° ATDC while the second pair simulate an injection timing of 
170 ° ATDC. All photographs were taken at a simulated ignition timing of 320 ° ATDC. 
The injection duration used throughout was 5 ms which simulated the:::::: 45 DCA injection 
duration that was used in the engine testing (1 ms equals 9 DCA at 1500 rpm). 
In order to clearly visualize the location of the early direct injection nozzle with 
respect to the spark-plug, refer to Figure 9.14. The early direct injection injector nozzle 
can be seen in the lower left corner of the head while the spark-plug is located at the top 
right. It can clearly be seen that the nozzle and the spark plug are on opposite sides of 
the combustion chamber from each other. The pressure transducer tapping can be seen 
on the right hand side. The holes around the perimeter of the head are coolant passages. 
Also of relevance when considering the formation of a localized hydrogen rich air/fuel 
mixture in the vicinity of the spark-plug is that the spark-plug is located in a recess in 
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hydrogen is in the vicinity of the spark plug at the time of ignition. From the engine test 
results presented earlier (starting on page 166) it can be inferred that even with the bulk 
fluid motion in the engine, the injected hydrogen is still not reaching the spark plug by 
the time of ignition. For the modified spark-plug case, it is apparent that when injecting 
into a quiescent mixture at the time of ignition there is hydrogen present in the vicinity 
of the spark-plug. Again referring to the engine results presented earlier it is apparent 
that the hydrogen has not been displaced from the vicinity of the spark-plug at the time 
of ignition. Comparing Figures 9.15 and 9.16 it is apparent also that the injected hy-
drogen jet of the early direct injection system has a far greater velocity compared to the 
modified spark plug system and propagates further into the combustion chamber. This 
should result in a more homogeneous mixture being formed in a given period of time 
that is available for injection and mixing. 
Figures 9.17 to 9.18 show the distribution of injected hydrogen from the early direct 
injection and modified spark-plug systems respectively at the projected time of ignition 
with a simulated injection timing of 170 0 ATDC and an ignition timing of 320 0 ATDC. 
By simulating the advancing of the start of injection by 60 °CA, it can be seen that in 
both the early direct and the modified spark-plug injection systems the injected hydrogen 
has propagated far further into the combustion chamber than had been the case with an 
injection timing of 230 0 ATDC. While the injected hydrogen appears to have again not 
reached the spark plug in the early direct injection case, it was apparent from the engine 
test results presented earlier that the bulk fluid motion in the engine does in fact result in 
the hydrogen reaching the spark-plug. For the modified spark-plug system, there is still 
hydrogen in the vicinity of the spark plug at the time of ignition as was found previously 
with a simulated injection timing of 230 0 ATDG Previous work within the department 
[Zavier 1991] (see page 4.5) showed, using hot wire anemometry, that there is motion of 
the mixture in the cylinder in the vicinity of the sparkplug. The cause of this motion 
is likely to be a combination of swirl induced during the inlet stroke and motion of the 
piston rising during the compression stroke. Disk type combustion chambers such as that 
of the Ricardo E6/Mk6 are known to have relatively low levels of bulk in-cylinder motion 
compared to more modern designs [Heywood 1988]. However vortices are known to form 
at the interface between the piston face and the cylinder wall which act to mix the cylin-
der contents at the periphery of the combustion chamber along with swirl induced in the 
inlet process [Heywood 1988]. It is a combination of induced swirl and piston induced 
mixture motion that is thought to be responsible for ensuring the injected hydrogen does 
in fact reach the spark-plug by the time of ignition. 
From the evidence gathered from the preliminary engine testing, the injection dura-
tion investigation, the lean mixture investigation and the schlieren photography investi-
gation, it is apparent that using an injection timing of 220 0 ATDC with the early direct 
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injection system results in the formation of a stratified charge, It has been shown that 
the injection timing can be advanced to 170 0 ATDC resulting in a, low level of cyclic 
variability while not adversely affecting the volumetric efficiency of the engine. Using the 
modified spark~plug injection system results in a much faster 0~2% mfb duration than is 
the case with the early direct injection system. This is thought to be due to a localized 
fuel rich mixture of hydrogen/air in the vicinity of the spark-plug at the time of ignition. 
Based upon these an injection timing of 170 0 ATDC will be used for the ensuing 
comparative between the three fuelling systems. 
9.6 Comparative Testing Between Systems 
9.6.1 Introduction 
The previous sections have shown that hydrogen supplementation using the early direct 
injection does not provide a homogeneous air/fuel mixture as was originally in-
tended. Instead the air/fuel mixture appears to be inversely stratified, adversely affecting 
the critical ignition and flame kernel development phase of the combustion process com-
pared with the un-supplemented case. Further, when the modified spark-plug was used 
to inject the supplementary hydrogen, it appeared that the resulting air/fuel mixture was 
stratified with a hydrogen rich mixture remaining in the vicinity of the spark-plug at the 
time of ignition. Both the ignition and flame kernel development phases of combustion 
were affected beneficially. 
Both the early direct injection and the modified spark plug injection systems were 
tested, along with the untimed manifold injection system, over a similar test matrix as 
was used in the preliminary untimed manifold case, with more emphasis on the lean 
where hydrogen supplementation has been shown to have a more pronounced 
The ,\ 1.1 and 1.3 cases are omitted from the test matrix and ,\ 1.8 added as 
area of interest is in the lean air/fuel mixtures. 
Combustion features particular to the early direct injection will be discussed 
where appropriate but the majority of the explanation of trends with increasing HEF are 
as previously discussed for the untimed manifold injection of hydrogen. The majority of 
the discussion will focus on comparisons between the three fuelling systems, 
9.6.2 Engine Configuration 
The engine's primary fuel was manifold injected methanol. main fuel can be supple-
men ted with either the early direct injection of hydrogen via the early direct injection and 
the modified spark~plug injection systems, or t,he unt,imed manifold injection of hydrogen. 
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In all direct injection cases, the in.iection of hydrogen into the combustion chamber 
commenced at 170 D ATDC, the earliest injection could begin without adversely affecting 
the volumetric efficiency of the engine. A constant hydrogen supply pressure of 48.2 bar 
(700 psi) was again used to achieve sonic injection thus negating the influence of varia-
tions in combustion chamber pressure. Varying the hydrogen injection duration therefore 
varied the quantity of hydrogen injected. 
As in the untimed manifold injection investigation described in the previous chapter, 
testing was carried out over a range of HEF's at each value of >.. Due to the earlier injec-
tion timing and consequently longer time for mixing, the maximum HEF obtainable at 
>. = l.0 was extended to 30%. The maximum HEF used for untimed manifold injection 
was limited to 30% HEF in order to only provide test points where a comparison between 
all three systems was possible3 . The injection durations varied from 1l.6 DCA (>. = l.8, 
5% HEF) to 79.6 DCA (>. = l.0, 30% HEF). The amount of each fuel being delivered was 
varied so as to maintain the same overall air/fuel ratio (or relative air/fuel ratio, >.). 
A second Mitsubishi GDI injector had been obtained allowing both the early direct 
injection and modified spark-plug injection systems to be fitted to the engine at the same 
time (see also page 167). Both injection systems were plumbed into the same high pres-
sure hydrogen supply line allowing flow rate measurement on either system. A switch 
was fitted to the injector power supply lead from the engine management unit allowing 
either one of the injection systems to be actuated but never both at the same time. The 
low pressure hydrogen regulator supplying the untimed manifold injection system was 
also plumbed into the high pressure supply after the flow-meter. A shut-off valve was 
fitted close to the manifold allowing the untimed manifold injection system to be em-
ployed at will. Thus at a particular test point, all three fuelling systems could be tested 
consecutively ensuring that an accurate comparison between systems would be possible. 
As with the preliminary engine testing, all engine testing was carried out at a com-
pression ratio of 10:1, at an engine speed of 1500 rpm and at wide open throttle. The 
level of inlet air heating used was approximately 364 Watts. Thus the operating condi-
tions are the same as those used in the untimed manifold and preliminary early direct 
injection investigations. 
3Due to an electronic failure during engine testing, no pressure data was obtained at A = 1.8, 30% REF 
for the modified spark-plug or manifold injection systems. These missing test points were not obt.ained 
at a later stage as is was apparent from earlier testing that it was low levels of supplement.ation that. were 
primarily of interest. 
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9.6.3 Fluid Properties 
Tbr' dfl'Gt. of hydrogen SlIppklllontatiort Oil Lhl' Huill J-lwpcrtics of the air/fiwl mixt.llrC' 
has I)('cn rlisclIs..<.;pc\ in t.he case of llllr.illl('d mallifold inj0ct.ion o n page L 14 and ill thr ( ~as{' 
of I·.he> early c1irc'ct inj('Cf.ion on page 152. FlIrt-hpr discllssion 011 Auid fJrop('r~i('s do(>s nol 
add to the' disc:ussion ami will thus be ornit,tN\ for bwvit,y . 
9.6.4 Combustion Burn R.ate 
As in t.he untimcd manifold injL\dion and PI' 'liminary (' i:\.rly dir('( :I. lII.1C'ct. ion investigations , 
i;l mfb allalvsis Wa!j ca.rried oul un the cylinder pressmc' data acquired aL each t.est poilJt. 
F iglll'cS 9. H) to !l23 present tit<' ['uslllt.s u1 this tHHl.lysis showing t il<' effect. of hydrogell 
uddit,ioll on each diffcrI:.'nt phase of combust.ion . 
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Prom Figure 9.19 it (;<In 1)(' SGen t.hat. as hf' HEF is int,;[ 'ascd <J t. A = 1.0 the i).'; lIi~io ll 
delay rll raJ.ioll is red\lced ill a lincar fashion for a ll th ree ill.i( ~ction s'ysl.clns. T he ignitioll 
dclay duration values are silllilar ill magnit.ude· and do [lOt. exhibit, any clNU C!'('ncl as to 
whir:h Syst'lll b lIIore b0nehc:ial than allot,hel. Figure U.20 shows the variat,ion of t.he 
0-2% mtl> dllmt.ioI1 at ).. = 1.8 It is appal'<~nt, t.hat. the modifif'd spark-pilip; illjec t,ioll 
systnm has a distinc t advantage ill f< 'ducillp; t he ignil:ion delay c\\II'ilt;ioll over t.he ot,iJers 
with tbe addi! ion of So/r HEF. As discllssed pre viollsly, t.his is lliollgitL (,0 br' thl(' \'0 (,he 
fJ1T!SClH'C o f it localized rich rnixt,lIrl' of hydrogrn ill thr vicini .y of the spark- phl ).'; a t t.hl' 
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t.ime of ignit.ion. As the REF increases the 0-2% mfb duration reduces furt.her b\lt not. to 
t.he same extent. as was observed wit.h the init.ial 5% addition. The inverse st.ratification 
of the early direct injection system is apparent as it is unaffected by the addition of 5% 
REF but. reduces in a linear fashion with REF's greater than 5%. The homogeneous 
charge formed by the untimed manifold injection system gives ignition delay values be-
tween the two extremes of stratification and the values tend t.owards those of the modified 
spark-plug syst.em as the REF is increased. It. is expected t.hat the 0-2% mfb duration 
for the uutimed manifold injection case will approach that of the modified spark-plug 
system as the REF is increased but should not. become smaller as the stratified charge 
should always ensure a faster ignition delay duration. 
The 2-10% mfb durations show a small reduction with all injection systems with in-
creasing REF but do not show any clear trends between the systems. For brevity, these 
plots have been omit.ted. 
The effect of hydrogen supplementation at A = 1.0 on the 10-90% m±b duration, like 
that of the 0-2% mfb duration, is minimal and this plot has been omitted for brevity. 
Figure 9.21 shows the effect of increasing hydrogen supplementation on the 10-90% mfb 
duration for A = 1.8. It. can be seen that as in the A = 1.8, 0-2% mfb case the addition 
of 5% REF via the modified spark-plug system causes a large reduction in combustion 
duration. Further increases in REF result in negligible further reductions in burn dura-
tion. This is thought to be due to the fast propagating flame kernel initially formed being 
able to quickly propagate through the remaining lean air/fuel mixture in the combustion 
chamber. The early direct injection system again demonstrates a considerably poorer 
response initially to increasing REF. Rowever by 30% REF t.he 10-90% mfb duration 
has reduced to a value that is only slightly higher than that obtained with the modified 
spark-plug and the un timed manifold injection systems. The 10-90% mfb duration of the 
untimed manifold system decreases rapidly with increasing REF reaching similar values 
as obtained with the untimed manifold injection system at 15% REF. Again these results 
highlight the advantages of a small quantity of stratified hydrogen over the same quantity 
of hydrogen as a homogeneous mixt.ure in reducing combustion durations in lean air/fuel 
mixtures. 
Figures 9.22 and 9.23 show the variation of overall combustion dmation with increas-
ing REF for bot.h the /\ = LO and 1.8 cases. Clearly for both mixture strengths the spark 
advance will have to be retarded as the REF is increased. Rowever the amount of spark 
advance will be much greater for A = 1.8 than A = 1.0. Further for both values of A and a 
given REF t.he spark advance will be greater for the early direct injection system than the 
untimed manifold injection system with the modified spark-plug injection system hav-
ing the least spark advance of all the systems, especially in lean mixtures with low REF's. 
L ~2 'HAPTEn,!-l EARLY DIRE 'T I ,I ECTION n E~ULT~ 
From FigUH\-'; D.19 1.09.2:\ it t\lay be concluded tbat hyd rogc Il supplf'rT\cnt.a.tion ha~ (\ 
greater effect 011 icallcr mixtnrcs t.han it, do('s 1ll>Dn richer Lllixt:ums of tleal st.oichiomct,ric 
st.n:mg th. 
T he increase in obse rved combust ioll ra t.e illuicatcs t.hat. the spark timing would need 
t.o hl' rr~ tal'd ()d in order to rna.intaiu MDT ::;purk timing us wa:; tht' t:a:;(' with 1,1H' lI11hrncd 
lIl(lllifc.)ld inj('c t ion of hye! rogCll. This is what. W<lS sc(!n 1.0 OCCIJ[". Fig 1ll"c 9,24 shows 
t he variation in MOT !)park timing wit,h HEF fix >. - 1.8 . As expected spa rk t imings 
aIr' pro,£!;I"cs::; ivcJy j'(' tarocJ at a pa rt icuiarHEF from t hf' Nlrly di rect. inj ect ion system 
t.o ell(' IUltin)('d rmmifoiJ Lnjcet ion system to t.lle modified spark-plug syst,{' nt r Heet, ing 
t he incn'lls(' ill the ra te of combustion . Although t he sllbst it llt.ioll of G% HEr wit.b the 
modif"icd spa rk-plug injcctioll system resulted in an approximat;f'iy 4~)nCA fn.'it ( ~ l over-
all combllst. io n duration compa red to t he U% HEP case , this Wi'\S !lol. rcfkctcd t.he i'vtD T 
spark t imings p lott{'d in F igme Y.24. This is due to t h ' engine upc["(Lt.inp, with sHch it high 
leve l of combllstion vari"l.tion , r,t1(' df't,<'rrnillaJ,ion of an accurate MBT timing wa~ im pos-
sible . From t tl(' 5'% HEp mth ("esults it. nppcar::; t.hat, the 0% case was in fact tuo r ct.rtrd ~d . 
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Fuel Stoichiometric A/F Ratio LCV LCV of Stoichiometric 
(!£Iill) kg; (MJ) kgr Mixt me (ZlJ) go 
Methanol 6.4 19.7 3.078 
Hydrogen 34.4 120 3.488 
Table 9.2 Relevant, Properties of Methanol and Hydrogen 
9.6.5 Engine Power Output 
One objective of injecting supplementary hydrogen directly into the combustion cham-
ber of the engine was to overcome the volumetric efficiency penalty that dominated the 
engine performance characteristics of the untimed manifold injection system. 
Figure 9.25 shows the variation of volumetric efficiency with REF for).. = 1.0. Only 
).. = 1.0 will be used for the purposes of discussion as the volume of hydrogen injected is 
greater than that for the).. = 1.8 case and the resulting trends are clearer. The trends 
for the ).. = 1.8 case are similar with the volumetric efficiency of lean mixtures being 
gre,ater than that of richer mixtures. As was discussed in the untimed manifold case, this 
is due to the reduction of fuel vapor in the inlet mixture. From Figure 9.25 it can be 
seen that as the REF increases, the volumetric efficiency remains essentially constant for 
the early direct injection and modified spark-plug injection systems. This is the desired 
effect of direct injection where increasing the levels of hydrogen supplementation has no 
adverse effect on the breathing of the engine. For the untimed manifold injection system 
however the volumetric efficiency can be observed to decrease as the REF is increased. 
This result was found previously with untimed manifold injection and is thought to be 
due to the manifold induced hydrogen displacing inlet air that would have, in the absence 
of hydrogen supplementation, been induced into the engine. A slight increase in volu-
metric efficiency would be expected for the early direct and modified spark-plug injection 
systems as REF increases due to a reduction in the volume of air being displaced in the 
inlet manifold by methanol vapor. This gain however would be offset by a reduction 
in the beneficial effect of charge cooling provided by the methanol. These two effects 
appear to have cancelled each other out resulting in constant volumetric efficiency with 
increasing REF. On the basis of these observations, the decrease in volumetric efficiency 
with increasing REF observed with untimed manifold injection (see page 123) can be 
attributed primarily to the addition of hydrogen to the inlet manifold of the engine. 
The observed improvement in volumetric efficiency with direct injection over mani-
fold injection with increasing REF will have an impact on the quantity of fuel that, can be 
burnt in each engine cycle. Figure 9.26 shows the variation of the total fuel energy con-
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sumed (both methanol and hydrogen) with REF again at A = 1.0, The following trends 
can be observed, First, the amount of energy consumed by the direct injection systems 
red uces slightly then increases with increasing REF, The reduction in total fuel energy 
is because the value of A for the 0% REF case was 0,995 while the value of A for REF's 
of 5% and above was :::::1.01 thus accounting for the slightly higher energy consumption 
at 0% REF, The trend of increasing energy consumption with increasing REF can be 
explained in terms of the respective stoichiometric air/fuel ratios and calorific values of 
the two fuels which are given in Table 9,2, It can be seen from Table 9,2 that the Lower 
Calorific Value (LCV) of a stoichiometric mixture of hydrogen and air is higher than a 
corresponding mixture of methanol and air (3.488 (MJ /kga.) verses 3,078 (MJ /kga )), For 
a given mass of air and at a given air/fuel ratio, using hydrogen supplementation results 
in a charge with a higher energy content than would be achieved if methanol alone was 
the fueL When supplementing the engine with directly injected hydrogen the volumetric 
efficiency remained essentially constant (constant mass of air induced) as the REF is 
increased. Thus while maintaining the same overall air/fuel ratio, the total energy of the 
charge must increase as the REF is increased. The second major trend is in the untimed 
manifold injection case where the amount of energy decreased as the REF increased for 
REF's < 30%, reflecting the decrease in volumetric efficiency with increasing REF. The 
value at 30% REF however does not fit the trend of the lower REF's and has a higher 
value than the both the 15% and 20% REF's, This is due to the 30% REF test point 
having a value of A of 0.96 while the rest of the untimed manifold test points have were 
taken at A :::::1.01. 
Figure 9.27 shows the variation in IMEP 9 with increasing REF for A = 1.0. The 
increase in total fuel energy for the direct injection systems with increasing REF has not 
resulted in increasing IMEP 9 with REF as would be expected. Instead the IMEP g, at 
best, stays constant with increasing REF in the early direct injection case and slightly 
decreases with increasing REF in the modified spark-plug injection case, Both direct 
injection systems would be expected to give very similar values of IMEPg . The observed 
slight differences in IMEP 9 as well as the failure to produce increasing IMEPg values 
with increasing REF could be due to the either system or both having an over advanced 
or retarded spark timing, The values of IMEPg for the manifold injection system re-
duce with increasing REF as was expected from Figure 9.26. The 30% REF test point 
however failed to show an increased value of IMEP 9 despite having an increased energy 
consumption compared to the 20% REF case. This again is likely to be due to the spark 
timing being too advanced (see also the discussion on isNO:r ). 
Figure 9.28 shows the variation in IMEP 9 with increasing REF for A = 1.8. The 
trends exhibited in this Figure are very different from those shown for the A = 1.0 case in 
Figure 9.27, The value of IMEPg is low for the 0% REF case and increases rapidly as the 
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REF is increased. The modified spark-plug injection system shows the largest increase in 
IMEP 9 with the addition of 5% REF followed by the untimed manifold injection system 
and the early direct injection system. For REF's greater than 5% the modified spark-plug 
system and the untimed manifold injection system only slowly increase in value. The 
early direct injection system however increases steadily with increasing REF until 20% 
REF where it reaches a value comparable to the other two injection systems. The trends 
in IMEP 9 are thought to be largely due to the reduction in COY llvlEPg with increasing 
REF as shown in Figure 9.29. The plot of COY IMEPg in Figure 9.29 is a virtual mirror 
image of the plot of IMEP 9 in Figure 9.28. Increased cyclic variability is known to result 
in a reduction in power in an engine [Young 1981]. There are two key results that can 
be obtained from Figure 9.28. First, the near maximum level of power obtainable from 
the engine at A = 1.8 can be achieved with the minimum level of hydrogen substitution 
if the hydrogen is injected early in the compression stroke through the modified spark-
plug injection system. Secondly, operating the engine at higher levels of REF with the 
modified spark-plug injector system does not significantly improve the power produced 
by the engine. Thus it appears that it is optimal to use the minimum level of hydrogen 
substitution with the modified spark-plug injector system. 
The values of COV[[\!lEPg for A = 1.0 are low (::::::1.2%) as would be expected for a 
stoichiometric air/fuel mixture and show very little improvement with increasing REF. 
This plot has been omitted for brevity, as it is the effect of hydrogen supplementation in 
lean air/fuel mixtures that is of interest. Figure 9.29 shows the variation in COVIlVlEPg 
with REF for A = 1.8. It is apparent that the addition of 5% REF with the modified 
spark-plug system results in a dramatic reduction in COY IMEPg and further increasing 
the REF does not result in a significant improvement in the COY IlvI EPg. The value of 
COY IlvlEPg for the untimed manifold injection system also decreases rapidly with REF 
reaching a plateau with a value slightly below that of the modified spark-plug system 
at REF = 15%. The reason for the value of COY I M EPg being lower than that of the 
modified-spark plug system at higher levels of REF is thought to be as follows. Although 
the modified spark-plug system has faster 0-2% duration than the untimed manifold 
injection system for REF's of >10%, the untimed manifold injection system exhibits 
less variability for the 0-2% mfb duration (see Figure 9.30). The reasons for the higher 
COY 0-2% mfb duration of the modified spark-plug injection system are thought to lie 
in cycle-by-cycle variations in the composition and distribution of the stratified charge 
around the spark-plug. The values of COY Ilvl EPg for the early direct injection system 
reduce in an approximately linear fashion before reaching a plateau at REF = 20%. The 
minimum value of COY l M EPg for the early direct injection system is however higher than 
the minimum value of COY [fvl EPg attained for the other two injection systems possibly 
reflecting the inverse stratification of the charge formed. 
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9.6.6 Engine Thermal Efficiency 
Figu!'n n.:\1 shows the variat.ioll ill p;ross iiH\k'lt.cd t.hei'lnnJ c:ffkicllcy wit.h HEF for >. = 
1.0. All ill depth discussiol\ Oil t.he tbCrilli:d cHlci 'ncy of IH} 'ugin' \Va::; presr'Htrt\ riming 
tho discllt;sion Utl t.b(' llllt.imr:t\ walli fold ilJjrctioll of hydrogen (page L 2n), As W~ the 
case for tho Ilntirncd mUllifold iIlj<'ct.ioll l't'Slllt.s, thr i\l\t,i(:ipnf',cd gains iII t. h('['mrtl rffi <.: iell('; 
d llC to improv "o combllsl'.loll and fillid t.herrnod.Yfliunic propcrti ~s were not, apparent., l 
ca ll be SC(!JJ that. TJ i i. /J is ill a lImXlfIlllHl at. G% HEF Hill I dec[c;;I:SCt; !:ilighl.ly as th fiEF 
is incrcu .. ':wd. This t.rend is dlle t.o 1.11(: vallI<' of L fEP!} r('Ill<lillinp; const~an t 11S t he HEF 
and rlJe rgy inpllt. increasc:;. Fi~llre 9.:n also indicaLt's Lha t. t.hNI' is lit,tlc point from an 
eHicirn 'y point. of view in opcrut,ing i:l ). = 1.0 with high Icv('l~ of HEF. 
Fi?;tJl"t' 9.32 shows the variatiol! ill gross LIId.icat.ed tltenrml (~ffif: i r. ll cy with HEF for 
,\ = I.H . This fo Ilo\V~ the trends P['('ViOllS\Y obs('fvnd in [MEr,II fo)' ,\ = l.~. Agrtin as 
was t he cast' for IMEPq , it is opt.imal t.o lise the mill illlllllJ lewl of hydrogel! sui>sl;itlltion 
with t li modified spa.rk·plng inj ector system. Usillg; higher levels of HEF do 1I0t lead 1:0 
sigllificant improvf:uwnt.s in "lillo.. 
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9.6.7 Engine Emissions 
ThC' trC'od in exha.lIst gas tc mpcratlu·C' with increa .. "iing HEF arc similar to thos(' already 
discussed with the nnt,irncd manifold inj Pc: t ion hydrogen . 
The va.riation in isNO:J; emissions with HEF arc showll in Figltr<,; 9.JJ for >. :::;:: L.o. 
T he peak i.'NO:l; crnis:·iofL'l OCCllf at HEF ::::::: 0% and arc red \Iced as t,he HEF is inc[('i;\!'iCci. 
The value of isNO :J; for the :30% HEF untirned Lr!,tllit'olcl. inject.iclll case is however much 
highcr t han the va.lucs for the oth ' l' inject ioll syst.ems . It was noted previollsly thaJ, tbis 
t.est poiut is richer thall t he other ma.nifold injection t,cst poiuts (see Fignrc 9,26), As 
t lw air/fuel mixt ure is richer , is t hought. that the spark timing at. this point could b(~ 
too advanced as previously discus::;ed wit.h IMEr I). The jncrca..'ifx i bNO'L could to be Jue 
to the spark timing b eing a.dvanced from MDT resulting in rcdlll:ed power and higher 
peak cylinder pressures (aw:l tJlc rc/'orc t.emperat ures) resulting in higher levels of NO x 
product.ion. The I'Cduct.ion in isNO" emissions is thougbt to be due to a reduction ill 
ox,ygen iwail a bilit.y as the HEF is increased. For a morc in depth discussion on isNO:r 
forrnd.t.iOIl mechanisms , refe r to tJw untirned manifo ld discussion on pag!"' 134., 
T lw variat ion in isNO J; emissions with HEF i.Hf' shown in Figure D,34 for>. = 1.8. 
\\fhen comparing Figures 9.J ~! iWeI ~l. ~14 it carl be seen t.hat opcratin~ iJle engine a t. >. 
= l.X results ill much reduced tevels of isNO~; t han wh(~B t he ellginc i:-; op Natcd at .>. = 
!l.(i 'Oi\H'AFI .HIVE T ESTING I3 ET W EEN S'I; 'TEiVlS I!ll. 
1.0 h l~~di~h ti llg 0 0<' of chr import.ant. ['( ' (\:-;011;'; fo r 1.lle c\p:-;irf' t.o op<' r a t. (' ,UI (' IL g ill!' ill ti lt' 
knll l'( 'gio !l. tl. is ~llso a pparent'. t hat. UtI' le vels of is O.J: d f'C rNIS(' rapioly wi.tlt increas-
illg liEF alld llP\)('a.I' to i'Giich a pla t.('un a t HEF ;::: 20'Xl . AI, A = l. H DOC of the' mail! 
d(.)lltilli1.l. ill~ iilrillf'tLCes on N Ox prod Uct. iOll , p('(1 k (:y I iud('\' t e mperat,me, i~ not coud lIci VG 
to ! 0 , format.ion. Therefore it, is I.bought t hat t he 1'('(II1( :I,ioo in isNO l; is ouc ma inly to 
i.\ combinatioll of iJl r r(~ls('d HvI EI\, Mid 1'('d uccd COV / At! /'; /'q as til( HEF is incl'(';\scd . 
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Figure 9.33 Ind icated Specific NOy Ell\issio ll~ vcr"cs H 'dro~n • nf:f)~y r raction for" = 1.0 
F iglll'(, n. :F> shuws t il(' va ria tiun in is He crlllss ions with HEF <IS lIlC'(lsurcd wit.h 
t.he' F ID for). = L.O. It call be secn t.h a t. I.he isU HC emissions for all t. hree inj e<.t ion 
sys t.pms r('d ll c ' as t. he HEF is i ll r. reHsccI a::.i was XP(~ct,(' cI a nd fOllnd previously wit.h t,l\( \ 
unLimcd Tl Ia.ll ifold injectio n o f bydrop;cn. h. i:- expcct('r\ t hat d l<: saUlt' IllGch l). !lisms as 
W('IT highlight,('d in t.he lIntil!l(,(\ mallifo ld GUSe' a r c rcsponsihl · for t.he ohsmvcd dec l'nls(~s 
in UHC wit.b illcrca::.i iIlg HEF for ;~ ))i-tr t.i cular va ille u f A. Thc::.ie l !l(\chanisms arc': 
l. IV'ou t ion in mass flow rat.e o f fIlet,llano !. 
2. Decrease in p 'ak cylinder p n !SSIU'('S l.'('s l.lIt,inp; III a rcduct.ion tn UHC forIlled ill 
cH'vi ce volumes. 
:1. Il\crea,!)c i n fl ame spccxi red ucing t,h UHC fo r!llcd d nc to quenching of t he Ram' 
Oil t. ll(' cOlll bust ioll 'hamhcr walls . 
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Variation of Indicated Specific NOx Emissions vs 
Hydrogen Energy Fraction for A. :: 1.8 
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FigUl"e 9.34 fnd l('atr;d Spccific NO" Ernisions vr: r~c,; Hyd rogen Encq~1 Fraction fo:" A = I ,-
As was th e c o::;!" w ith uutitllCU In3Jlifoid injec tion, t he relat iV!' magnit.ucl e o f cadl 
l11<'dw .. nism is unknown bit t t he observed rcelll ,t ion in U HC i~ likc'I: .. , tn 1)(' a combimttiofL 
of all thref' of these Iw:cha nisIIls . T he l('v('1 of isUHC ('missions an' of a similar ll'vd 
for bot h t he ca rly direct inject. io!l and t he modified spark plug injcct.iou S.YSh' IWi OV('[ 
the range of HEF's , The isUHC levels for I;he modifit'd spark-pIll).!; sysh'ltl arc slip;hl.l,v 
higher t.han t haI' of t,h e ea.rly di rect inje ·,tion syst ~ m, This ditfcn'lIV collid 1)(' <11[(' t o 
t he mouihed spi).l'k-pl ug; arrluw;('[Ucnt produci ng i-\ slig htly lowe'!, \/illl1(' of U,.IEP f} I.han t.ltl' 
carly direct, injection system (sl'e Figmc !),27). Lf t he io r rNtSI'd. dead vol1lme cOllt,aiw'd 
in 1,1t hypodcrmi' of I.he modified spark-plug system was ct\llsinp; an inc.rease ill crevicc' 
hydroca.rbon emissions Dvrr t.he carl. direct injecl. ion sYS t.('llL it. is ollly wry slight.. This 
is snrncwlmt smprising given that. LlH' lllajor sOllre of U HC 1' l!1iS::iions ni. Ilcar sl,oichio 
metri c operal.ing conditiolls is c re vice VUltltnC'S [C heng I'l aL. 1 f)lJ;~ I . It. WiiS t.hollght tb;tt 
whe n operat ing \vit.h t,h e mollified spnrk-plllP; ; r nUlg ' IlWllt thf' hy podermic would con-
tain (nost,ly ullollmed l\vdrogell i.\.lJd wlltpn'ssl ~d Itydrogl'll ri ch produd.s of cO lllullstion 
\VItCll opcral~ ing with tJI(' early dirf'ct. inject ion syst.('1Il however il was I.houghl I~ b ~kl i;l 
grca t.f' l' proport.ioll of gas cOlILtilling prncill(' ts of mt t hallol COlllblls t ioll would have becn 
cOlllpressed iuto tb(' hypodermic inIT(,Hsill).!, thc' "HC cllIi:-;sions . T tlis dOl'S rwt. appear 1.0 
U(' ttl(' :a,'IC awl is lUI arca L1w.t. I'cqllin.',.., flllthe r illv 'sl;if!;at.ioll The isUHC values feJr t ill' 
11I1Limcd rw.\.ni folJ syste m art' hip;lwl that t,]IUS(" for dlc d ir('e l illjectioll sys i:('ntS d lle t.o 
t it' low'r valw's of )},;IEP" p roduced n\ , a giVl'1l £I E F hy t he llnLillllxl Illanifold injcc t ion 
systcnl. 
9.fi ·OMrARATIVF. TE~1'INU OETWP. E SY. TE~[S 
Fi!!;Jl[(' 9.:Hi shows t.llt: variat.ion in isUHC emissions wi t. h HE F itS IlICrtSllIW I wit.h the 
FlO l<)r ,\ = l.H. vVh( ~ 1l corr1JHtrinp; FiguJ"('s ~1;\5 and ~J.:1ti it. ca ll tV' :-;('(~n t. hat Op('l"rlt.iug r.t\(· 
cllgin(' Itt. /\ = 1.H re:mlts in 1Illich highm levels of isVHC emissions t.hall w\H'n t,itc engine· 
is operated a.t. /\ = 1.0. As t he HEF is illc l"cascd the level of isUHC ern issiom; a rC' reduced. 
signiflClultiy. Com paring Figu!"(' 4.:\0 t.o Figure Q.29 it. is t.ho\lght that. the reductio n ill 
isUHC emissions for ,\ = 1.8 wi t h inc l"( ~1lsill).'; HEF is dll C' la rgely to the corresponding 
red llc t. ion ill cyd -by-cycle Vnriaoi lity of t.he cornom;t.ion process. TIle mecbanis ms list,ed 
above will n il also pla.v a role in t.h(, formation of V HC ('mission ..... but it; appcanj that. 
for /\ = u ; 1.1'10. fo rmat iOIl of vue e'lllissions is oo minat.f'o b.! t he' cyclic vilria.biJity in 
t he clImbust io ll pro css as t he engine operates Ileal" it s elf'dive k Ull li[ni t .. Whilr this 
il lV('st.i~a t, i o ll has 1I0 ~ rocu~ed o n 'HC 0.m issions in pa,r t icllial". t. his i::> an arca that. would 
bcudit from fllrt.her ill dcpt:h ::; t.lldy. 
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Figure 9.35 lndkated Specific UHC Embsiolls vcr:;cs Hydrogen En(;rPJ' Pra(t iol"\ f()r A = 10 
1 he v;triat;ioll uf isCO emissiolts with incrf'asing HEF is pre.'H'll tcd in Figure 0.:37 for 
.\ = 1.0 and ill F igure 0.:\1' fur ,\ = Ul. A';5 WI1::; found with unt.imc'd manifold inj<)c tioll C O 
('missioll~ Me high for the ,\ = I. 0 ca~e U.'5 x.p ceed as CO product iOIl is olily s ip li ncant 
in stoicliiornnri c amJ ric h lllix t.ul'cS wl1('['(' I.hNG is a short-age of oxygen prc~c[Jt, 1.0 fll lly 
oxidize' the' c;Jruon t.o COl· Th(' i:;CO cmissions for /\ = l.O i:U"(' rC(J~()nably ,;c<H~orcd 
r('fkc t. ill~ small di rft' rcllc('~ io t he a<..:t.u·tl vGlue of A betwcen (~a.ch of the t;ps t poiIlts . 1'1](' 
isCO re:-lult.s rem a in approxilfla tdy ('OIl~ LnIlt, wi th incr(\i:l.s ing REF a~ tll ·y would be ex-
160 
140 
120 
"E" ;: 100 
t!!: 
~ 80 
(.) 
J: 
:::> 60 
. !!! 
40 
20 
0 
0% 
CHAPTER n EAl.lLY DI.1lECT INJ t-: TION rtESULT~ 
Variation of Indicated Specific UHC Emissions with 
Hydrogen Energy Fraction for A = 1.8 
, 
• 
• A 
• .. 
-
• 
5% 10% 15% 20% 25% 
Hydrogen Energy Fraction (HEF) 
• 
30% 35% 
• Direct Injection 
I_ Modified Sparkplug 
A Manifold Injection 
Figure 9 .36 Indicated Specif-ic UHC Emissions VCI':;e s HyJrogcn Encr~-y Fractio!) for), "" 1.8 
p(~ctcd to do. The .x. = 1.8. 0% HEF case demonstrat.es a is CO le vel of a simila.r value 
to t hose obtained with ,\ = 1.0 refiec ting the level of incomplete combustiOIl occ urring. 
As the HEF is incma .. <-;cd howe ver cydic variability d ecreases , the IfWcl 0[" iseO emissions 
rapidly dcc rcasC:'s rcfi('(:ting the increase in comoLlstion stability a.nd the refore a more 
complete oxidization of CO t.o CO2 
Figure ~U!) shows the variation in isC02 e missions with HEI' fo r .x. = 1.0 while Fignr(' 
9.40 shoW'S the variation in isC02 ernissions with HEF for .x. = l.8 . Both figures show 
that. t.he isC(h (~missio[lS decrease a'l tlw HEF increases as expected and t he qlll.l..ntity 
of m ethanol being oxidiz(',Q is r'dllccd. In the Cil..Se of A = lo8, t,he low levels of I1\..-[EP'1 
produced arC rcHc·ted in t.he higher values or isC(h for the 00/0 HEF CiJSe iJnd in t he C~lr\'y 
direct injection values for HEF 's < 20%. Not withstanding the test points cxhibiting low 
values of IMEPq , t he iSC02 e mission le vols for .x. = l.R arc ve ry similur to t hose for .x. = 1.0. 
The t. re nds ill oxyp;cn emissions wit.h inc reasi ng HEF al" similar to those rtlready 
d iscllssed wi t h the lllltimed manifold inject.ion hydrogen . Further disc lission .. " ill not add 
(111.yt,hing and tile reader is referred to the untimed mi.\.nifold inj ection discllss ion 011 page 
144. 
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Figure 9.37 ludical-J Specific CO Emi."sions vr!rses Hydrog{:l1 Enerr,)' f rat- iun ror A = 1.0 
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9.6.8 Summary 
This section of work has demonstrated that the most effective method for introducing 
supplementary hydrogen is early direct injection via the modified spark-plug injection 
system. The more pronounced effect of the modified spark-plug injection system, for a 
given level of hydrogen supplementation, is thought to be due to an easily ignitable hy-
drogen/ air in the vicinity of the spark-plug at the time of ignition. The effect of hydrogen 
addition was most significant on lean air/fuel mixtures. The utilization of REF's greater 
than 5% with the modified spark-plug system resulted in only a very slight further im-
provement in combustion, engine performance and emissions. 
9.7 Modified Spark-plug Injection Timing Investigation 
Charge stratification has historically been investigated as a method of allowing the lean 
operating limit of an engine to be extended. The benefits of extending the lean operating 
limit of an engine lie in improved fuel economy and reduced emissions that can be ob-
tained with the combustion of lean, unthrottled air/fuel mixtures. Charge stratification 
can be achieved by one of two main methods: the use of a pre-chamber, or direct injection 
into the combustion chamber (direct injection stratified charge or DISC). 
Pre-chamber designs, although effective, generally suffer from reduced efficiencies due 
to greater heat losses compared to conventional designs. The higher heat losses result 
from increased surface area and higher turbulence in the pre-chamber. The spark plug 
ignites a locally rich, easily ignitable mixture in the pre-chamber which then propagates 
out into the main combustion chamber igniting the lean main charge. 
DISC engines are mechanically simpler and as the combustion process is initiated by 
spark ignition, they offer a wide tolerance to fuel composition and can be operated with a 
wide range of liquid fuels. The fuel is generally sprayed into a bowl-in-piston combustion 
chamber where it is swept past the spark plug operating with a long duration discharge. 
It was found in the previous section that when the modified spark-plug injector 
arrangement was used to inject the supplementary hydrogen early in the compression 
stroke, a hydrogen rich region remained in the vicinity of the spark-plug. It was thought 
that this localized stratified charge was responsible for the observed decreases in 0-2% 
mfb duration and the COY JMEPg (see page 176). It is known that the early period of 
flame development largely dictates how the remainder of the combustion process will pro-
ceed. It is also known that the laminar flame speed of the mixture has a large influence 
198 CHAPTER 9 EARLY DIRECT INJECTION RESULTS 
on early flame kernel development [Rauckis and McLean 19791 , [Heywood 1988]" 
Having established that the most effective method of introducing the supplementary 
hydrogen into the combustion chamber was via the modified spark plug injector, a short 
investigation was conducted to determine what the optimum timing of the injection of 
hydrogen was" 
9.7.1 Engine Configuration 
The engine's primary fuel is manifold injected methanoL The main fuel can be supple-
mented with a stratified charge of gaseous hydrogen via the modified spark-plug injection 
system For the majority of the testing a hydrogen supply pressure of 4L3 bar (600 psi) 
was used. This is somewhat lower than the 48 bar that was calculated on page 28. It 
was determined during the schlieren photography investigation (see page 53) that this 
pressure gave a good distribution of hydrogen around the spark-plug without creating 
a jet into the combustion chamber as higher pressures did. As it was found that the 
puff of hydrogen will not actually enter the combustion chamber until 9 - 18 DCA af-
ter injection is initiated4 , it was thought that injection timings more retarded than 330 
° ATDC would be unlikely to occur. At 330 ° ATDC the minimum pressure required to 
give sonic flow was calculated to be 22.7 bar. Thus 4L3 bar is sufficiently above this 
value to ensure that variations in cylinder pressure will not affect the mass of hydrogen 
being injected. The relative air/fuel ratio chosen for the experimental work was A = 1.8 
as at this condition the effects of charge stratification are readily apparent" The HEF 
employed was 5% as it was determined from the preceding Investigation that there was 
little benefit to be gained from using higher levels of HEF with the modified spark-plug 
injection system. The spark timing was kept constant for all test points at 330 ° ATDC 
(30 °BTDC). This value is the MBT value that was found for 5% HEF at A = L8 with an 
injection timing of 170 ° ATDC. This value of MBT spark timing is lOoCA more retarded 
than was previously found for this test condition (see page 182) reflecting the fact that 
the torque curve is flat near MBT especially in lean mixtures. Determination of accurate 
values of MBT spark timing is thus very difficult" A constant value of spark timing was 
used throughout so any changes to the combustion process as a result of changes to the 
injection timing would be easily identified without having to separate out the effects of 
changes to the spark timing. The injection timing was initially set at 170 ° ATDC, the 
value used in the previous testing, and progressively retarded. The methanol flow rate 
was kept constant for all test points and the injection timing varied" All engine testing 
was carried out at a compression ratio of 10: 1, at. an engine speed of 1500 rpm and at 
4Note:- The schlieren photography investigation of the late puff injector performance (see page .53) 
indicated that there is a delay of between 1.0 ms and 2.0 ms between the start of injection and when 
the hydrogen puff is first visible around the spark plug electrode. At an engine speed of 1500 rpm, this 
equates to a delay of betwcen 9 and 18 DCA. 
!17 MODIFIED SPARK-PL UG INJE TIUN T IMI 'G INVESTIGATIOl': 
wide opeu throt.tle. The level of inlet. (tir IH'HLiu)!; llsnd \~';\S approxirna,t.dy :364 \NaUs. 
TilliS 1;11(' opcnltin!l; cOllditiollS an' t.he :-mul(' as thos(' IIsed ill t.he IInt.imcd miwifold ami 
preli tni uary (Iudy di rcct. injec t.ioll i lIV('stip;ntiolls. 
9.7.2 Results 
Figllrcs 9.41 and ~-).42 show the va.riation in t,hc 0-2% lllfb and O-QO'}{, rntl) dllrat.ions as 
the' st,art of illjl ~ ct.ion is pmp;n'ssiv 'Iy i.l.d vanCf~d. A Iso piot,u'd an' till' \'(.Ill1(,s for t.lw ocr; 
HEF CiJse for cOlllpilrisoll. TI((' 0-2% m!h durat.ioll can be s('cn to Jecl'!'asc to a minillllUII 
at 290 () ATDC before' sltaJ'ply risiug a. .. "i the inject ion !,itHillg is rl'!;arrkd fur f;hN. As Uw 
0-2% mllJ dumtioll is st,nm!!:iy ulfcf;t,rd by f~ h(' local a ir/fuel rat.io and llIixt,lIn ~ mo t. ion , 
it. CiJn be surmised that. injcc;t.io ll at. 200 I) ATDC H'i'u lt,s itl t.he opt,imul1l conditions fix 
Gi.lrly flame d've/opnlC'ut.. As t h~ injf' ·t.ion timing it) retard'd furt.he r from 2!JO I} ATDC, 
it. is t;ltoug!Jt t hat. t,he inject.iIJll is OCClI1'rilll-; too dose t,o the time of ig nition n 'Sldting ill 
n slow('; l' hllrlling rich air/flld mix t ure, Figlll'c !,). I12 s hows t>hn.t the O-!1O% rnLl) durnt.ion 
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9.7.3 Summary 
From the results of the investigation into the timing of the injection of supplementary 
hydrogen through the modified spark-plug arrangement the following conclusion can be 
made. While it is apparent that no large gains can be expected to be made by optimizing 
the injection timing, it appears that there could be scope for some very small gains in 
thermal efficiency and power. vVith MET spark timings being employed at. the resulting 
optimum injection timing, it is unlikely that there will be any significant improvement 
or worsening of engine emission levels. As there is no significant advantage in injecting 
late in the compression stroke, the injection of the supplementary hydrogen should still 
occur early in the compression stroke. This offers the possibility of using much reduced 
injection pressures while still ensuring that the injection process is sonic. The technical 
requirement of the hydrogen injector used is also therefore reduced as it would not have 
to actuate against such a substantial supply pressure. The injector would still be required 
to withstand substantial back-pressures resulting from the combustion process. 
9.8 Early Direct Injection Summary 
The key results of the investigation into the early direct injection of hydrogen can be 
summarized by the following points. 
1. The early direct injection of hydrogen into the combustion chamber results in the 
formation of a stratified charge, not a homogeneous charge as was the intention. 
2. The early direct injection of hydrogen can be commenced as early as 170 0 ATDC 
without adversely affecting the volumetric efficiency of the engine. 
3. The effect of hydrogen addition was most significant on lean air/fuel mixtures. 
4. The most effective method for supplementing hydrogen is early direct injection via 
the modified spark-plug injection system. 
5. Using the modified spark-plug injection system, the addition of only 5% REF re-
sulted in a dramatic improvement in all aspects of combustion, engine performance 
and emissions. 
6. Using the modified spark-plug injection system, the utilization of REF's greater 
than 5% resulted in only a very slight further improvement in combustion, engine 
performance and emissions. 
7. Varying the injection timing employed with the modified spark-plug system offers 
the potential for only very small improvements in combustion, engine performance 
and emissions. 

Chapter 10 
Optimum Fuelling System 
This chapter outlines the optimum method of fuelling an engine on supplementary hydro-
gen via early direct injection through a modified spark-plug injector as determined in the 
previous chapter. The results of a series of tests comparing the baseline engine operation 
with the optimum fuelling system is then presented. A possible vehicular engine fuelling 
regime is then discussed. 
10.1 Introduction 
In the previous chapter, the conclusion was reached that the optimum method of introduc-
ing supplementary fuel to the engine is with a modified spark-plug injection arrangement. 
Furthermore it was also found that hydrogen supplementation had the most beneficial 
effect on lean air/fuel mixtures. The supplementation of lean air/fuel mixtures with 5% 
REF was found to 'result in a dramatic improvement in the combustion process, engine 
performance and engine emissions. Supplementation with higher REF's however resulted 
in only slight further improvements. Varying the injection timing had little effect on the 
engine performance. In order to illustrate the benefits of hydrogen supplementation in an 
engine, the modified spark-plug injection system was used with REF's of 5% and 10%. 
10.2 Engine Configuration 
The engine's primary fuel was manifold injected methanol. The supplementary hydrogen 
was introduced into the engine via the modified spark-plug arrangement, 
The injection of hydrogen into the combustion chamber commenced at 170 0 ATDC. 
A constant hydrogen supply pressure of 48.2 bar (700 psi) was again used to achieve 
sonic injection thus negating the influence of variations in combustion chamber pressure. 
Varying the hydrogen injection duration therefore varied the quantity of hydrogen in-
jected. 
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Engine testing was carried out over a range of values of A at each value of REF by 
varying the quantity of each fuel being delivered. No further testing was completed at 
HEF = 0%. The values for REF = 0% that are plotted for comparison with the 5% and 
10% REF cases were taken from the engine test results presented in the previous chapter. 
All engine testing was carried out at a compression ratio of lO: I, at an engine speed of 
1500 rpm and at wide open throttle. The level of inlet air heating used was approximately 
364 Watts. Thus the operating conditions are the same as those used in the untimed 
manifold and preliminary early direct injection investigations. 
10.3 Results 
Figure lO.l shows the variation in gross indicated thermal efficiency as the overall rel-
ative air/fuel ratio is varied for three different levels of hydrogen supplementation. It 
can be seen that peak 'rfil.h occurs at approximately A = 1.5. This is expected as engine 
efficiency is known to peak at a value of A that is lean of stoichiometric. The values of 
'rfilh for the 0% REF case appear to be slightly higher than the values plotted for the 
5% REF case. This is attributed to the fact that the 0% points were obtained during 
a separate set of testing. For the 0% REF case the 'rfith falls away rapidly after A = 
1.5 as the equipment lean limit is approached when the engine is fuelled on methanol 
alone. The 'rfith curve for 5% REF demonstrates the ability of hydrogen supplementation 
to extend the equipment lean limit of the engine. Where the value of'rfilh drops away 
rapidly for the 0% case after A = 1.5, the value of'rfith for the 5% REF remains high and 
slowly falls away as the mixture is further leaned out. It is also apparent that at A = 1.8 
the value of'rfith for both the 5% and 10% REF cases are approximately the same. As 
the mixture is leaned out past A = 1.8 however the 'rfilh of the 10% REF is higher than 
that of the 5% REF case. This demonstrates the ability of the higher levels of hydrogen 
supplementation to increasingly extend the engine's equipment lean limit. Lean limit 
extension has been demonstrated in the past when utilizing untimed manifold injected 
supplementary hydrogen. This is the first time lean limit extension results via the direct 
injection of a stratified charge of hydrogen have been presented. As was demonstrated in 
the previous chapter, supplementation via direct injection through a modified spark-plug 
gives superior results compared to untimed manifold injection, particularly with reduced 
levels of supplementation. 
Figure 10.2 shows the variation in gross indicated mean effective pressure as the over-
all relative air/fuel ratio is varied for three different levels of hydrogen supplementation. 
As expected the engine power output decreases as the value of A is increased. As dis-
cussed for 'rfilh, the higher values for the 0% REF case compared to the 5% REF case are 
thought to be due to the fact that the 0% REF points were obtained during a separate set 
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of testing. At values of A greater than 1.5 the 5% HEF case demonst.rates higher levels of 
IlV! EPg than the 0% HEF case. At values of A greater than 1,8 the 10% HEF case demon-
strates higher levels of IIVI EPg than the 5% HEF case. These results again demonstrate 
the ability of hydrogen supplementation to extend the equipment lean limit of the engine. 
The variation in the coefficient of variation of gross indicated mean effective pressure 
with the overall relative air jfuel ratio is shown in Figure 10.3 for three different levels of 
hydrogen supplementation. The magnitude of the value of COV HvI EPg can be used to 
define combustion stability. A value for COV IM EPg of 10% has been proposed as defining 
the upper limit for acceptable driveability [Atkinson et oL 1995]. It can be observed from 
Figure 10.3 that the value of COV [JvIEPg for the 0% HEF case is of the order of 2-3% 
until between A = 1.5 and 1.8 where the value rises rapidly. This corresponds with the 
already identified equipment lean limit of the engine when fuelled by methanol alone. 
The value of COVI1vIEPg for the 5% HEF case is ~2% until A = 1.5 after which it slowly 
rises, reaching 10% at approximately A = 2.1. The 10% HEF values for A = 1.9 and 
2.15 are somewhat higher than would be expected. The results presented in the previ-
ous chapter showed that increasing the HEF resulted in the COV IMEPg being reduced 
slightly further than was the case with 5% HEF. Accepting that these values are higher 
than expected, it can be seen that the values of COV IMEPg for the 10% HEF case do not 
reach the 10% threshold until A ~ 2.5. Figure 10.3 demonstrates that it is possible to 
operate an engine unthrottled considerably leaner than would be possible with methanol 
alone and still maintain the combustion stability within acceptable limits. 
Figure 10.4 shows a plot of how the gross indicated thermal efficiency varies with 
gross indicated mean effective pressure. This plot demonstrates that when the engine 
is producing low levels of output power, it can do so more efficiently when utilizing 5 
or 10% HEF. This result realizes one of the major objectives of current engine research 
(see page 7), improving part load engine efficiency. Improvements in part load efficiency 
have been achieved in the past with hydrogen supplementation using untimed manifold 
hydrogen injection [Houseman and Hoehn 1974] , [MacDonald 1976] , [Finegold 1978] , 
[Rauckis and McLean 1979] , [Jamal and Wysznski 1994] , [Apostolescu and Chirac 1996]. 
This current work however has demonstrated that the same improvements in part load 
efficiency can be attained using far smaller amounts of hydrogen if utilized as a stratified 
charge in the vicinity of the spark-plug electrodes. It should be stressed again at this 
point that these results were obtained with the engine operating unthrottled. At all load 
points at a given speed, the ideal value of A to run an engine at is that which gives the 
minimum bsfc (highest efficiency) at the required load [Heywood 1988]. As can be seen 
from Figure 10.4 for the 0% HEF case that at low values of IMEP 9 the rtith is considerably 
reduced from what it was at higher values of IMEP g' Thus it would be expected that 
the engine would be operated with some throttle at 0% HEF for values of IMEPg below 
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approximately 7 bar. It is also apparent that operating the engine with a REF of 5 or 
10% allows the engine to be operated at low IMEP 9 values without a large reduction 
in TJith. This demonstrates that a hydrogen supplemented engine can be operated un-
throttled over a larger operating range than can an engine operating on 100% methanol 
alone. At which exact point operating the engine throttled, with or without hydrogen 
supplementation, is more advantageous for lower output power levels is not known from 
this investigation. If a hydrogen supplementation system is to be utilized on a vehicle, 
an investigation into throttled engine operation will need to be undertaken. This was 
considered to be outside the scope of the current investigation. 
Figure 10.5 shows the variation in indicated specific NO:z; emissions as ).. is varied. As 
expected the level of isNO;J: emissions reduces rapidly as ).. increases demonstrating the 
well known benefit of operating an engine in a lean burn regime. The use of hydrogen 
supplementation allows the engine to be operated past it's usual equipment lean limit, 
further reducing the level of isNO x emissions. 
The variation in indicated specific URC emissions with)" is shown in Figure 10.6. 
The values for the 0% REF case show the characteristic sharp increase in isURC emissions 
as the equipment lean limit is reached between).. = 1.5 and 1.8. It is also apparent that 
operation with 5% and 10% REF allows the engine to be operated progressively leaner 
before the equipment lean limit is approached and the isURC emission levels begin to 
rise. This demonstrates that the engine can be operated leaner than previously possible 
with no hydrogen supplementation without an excessive increase in URC emission levels. 
Depending on the intended use of the engine, the use of lean air/fuel ratio's allows 
the possibility of using higher compression ratio's. The engine could be optimized for the 
maximum allowable compression ratio at maximum power output to take full advantage 
of the higher octane rating of methanol over gasoline. At the leaner air/fuel ratio's, the 
effective compression ratio of the engine could be raised using a variable valve timing 
mechanism such as that developed by Mitsubishi Motors Ltd [Ratano et al. 1993] to gain 
further advantages in both power and efficiency. 
10.4 Summary 
It has been demonstrated that low levels of hydrogen supplementation can extend the 
equipment lean limit from that of a 100% methanol fuelled engine when using the modified 
spark-plug injector. A high value of indicated thermal efficiency was maintained with 
a reduced value of IMEP g, low cycle-by-cycle variability and low isURC emissions. It 
was shown that a hydrogen supplemented engine offers the potential to be operated 
unthrottled over a larger operating range than an engine operating on 100% methanol 
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alone could be thus improving part load engine efficiency. Increasing the level of hydrogen 
supplementation allowed the effective lean limit to be extended leaner still. 
10.5 Possible Vehicular Engine Fuelling Regimes 
Based upon the findings of the research program, some suggestions as to a possible ve-
hicular fuelling regime can be made. 
As the hydrogen used for supplementation will have to be either stored or manu-
factured on-board the vehicle from the main fuel, the level of hydrogen supplementation 
should be kept to the minimum required to achieve the desired result. The optimal 
system for hydrogen supplementation amongst those tested is the modified spark-plug 
injection system with the injection of supplementary hydrogen occurring early in the 
compression stroke. 
For each engine speed, the maximum value of.A that the engine is required to be able 
to run at unthrottled will be determined and the minimum level of hydrogen supplemen-
tation required to ensure an acceptable level of cyclic variability at that value of.A found. 
As the main benefits of hydrogen supplementation are to be found in lean mixtures, it 
it proposed that the flow rate of hydrogen employed at the maximum value of .A be set 
constant to reduce the control complexity and used for all values of .A. Thus the leaner 
air/fuel mixtures which are significantly affected by hydrogen supplementation benefit 
from a higher level of REF. The richer air/fuel mixtures which are only slightly affected 
by hydrogen supplementation are thus operating with a much reduced REF. 
Depending on the method employed to provide supplementary hydrogen to the en-
gine, it may be advantageous to only supply hydrogen supplementation when the value of 
.A falls below a particular value to conserve hydrogen. Doing so would sacrifice very little 
in terms of engine performance or emissions levels when operating with richer air/fuel 
ratios. 
Chapter 11 
Conclusions and Recommendations for Future Work 
In this chapter, the key achievements of the thesis are summarized. Conclusions are 
drawn as to the performance of each of the hydrogen injection systems employed. The 
optimal hydrogen supplementation system for the Ricardo E6 engine is presented along 
with a suggested fuel management scenario for the engine. Recommendations for further 
work that could be undertaken as a result of this research project are then presented. 
11.1 Conclusions 
The use of hydrogen as a supplementary fuel is recognized as being an effective way 
of extending the lean limit of an engine. The benefits of doing so lie in improved fuel 
consumption and reduced engine exhaust emissions. Almost all work to date in this area 
has focused on the use of the technically undemanding untimed manifold injection of 
hydrogen to achieve these goals. In recent years, advances in technology have resulted in 
the direct injection of both liquid and gaseous fuels becoming the increasingly preferred 
option in automotive engine combustion systems. 
Two schlieren photography investigations were undertaken to improve the perfor-
mance of each of the direct injection systems as well as provide performance data. In the 
first, delay durations between the injection signal being sent and the first visible sign of 
hydrogen entering the combustion bomb were determined. The results of the schlieren 
visualization were used to develop the nozzle discharge hole geometry for the early di-
rect injection system. The performance of the modified spark-plug injector, when used 
to inject a late" puff" of hydrogen, was investigated and the design of the arrangement 
improved. Suitable injection pressures and durations were determined for the modified 
spark-plug arrangement. In the second schlieren investigation the combustion bomb was 
modified to have a much wider field of view. This investigation focused on providing 
visual evidence to confirm experimental results indicating that both the early direct in-
jection system and the modified spark-plug injector, when used as an early direct injection 
injector, produced stratified charges. 
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A data acquisition system was developed and installed in the test"cclL Data acquisi 
bon was triggered externally by the output from an incremental rotary encoder mounted 
on the crank-shaft. Electronic hardware was developed to ensure the acquired pressure 
data were accurately phased with respect to the crank-angle. At each test point, 350 
consecutive engine cycles of combustion pressure data were acquired and analyzed using 
software routines developed during the course of this work. 
The untimed manifold injection of hydrogen resulted in increased rates of combus-
tion and reduced cyclic variability as the REF was increased. The engine performance 
characteristics are however dominated by the reduction in volumetric efficiency resulting 
from the injection of hydrogen into the inlet manifold. This resulted in reduced engine 
power output as the level of hydrogen supplementation was increased. The addition of 
small quantities of supplementary hydrogen resulted in both reduced cyclic variability 
and isURC emissions especially in lean mixtures where large reductions of these param-
eters were observed. The highest values of indicated thermal efficiency occurred in the 
leanest air/fuel mixtures. There were no clear trends in indicated thermal efficiency with 
increases in REF except in A = 1.5 where the maximum value occurred at REF = 30%. 
It was later determined that superior thermal efficiency values could be achieved in lean 
mixtures using much lower REF's with an alternative fuelling system so no further inves-
tigation into manifold injection thermal efficiencies was undertaken. The isNOx engine 
emissions were reduced for A = 1.0 but increased for all values of A > 1.0 as the level of 
hydrogen supplementation increased. This increase was thought to be due to an increase 
in combustion temperatures with increasing REF. The untimed manifold injection re-
sults indicated that the greatest potential benefits of hydrogen supplementation appear 
to lie in operating the engine with lean mixtures i.e. at part load. In addition to this, 
hydrogen supplementation, by reducing cyclic variability, would allow the lean operating 
limit of the engine to be extended, offering further potential for improvements in engine 
efficiency and emissions. Although untimed manifold injection is technically very easy 
to implement, the major drawback of the system is the loss of volumetric efficiency and 
hence power output of the engine. This drawback was addressed by injecting supplemen-
tary hydrogen directly into the combustion chamber of the engine. 
The use of the early direct injection system to inject supplementary hydrogen into 
the combustion chamber was found to result in the formation of a stratified charge, not 
a homogeneous charge as was the original intention. The resultant stratified charge was 
the inverse of what is required for improved combustion i.e. the leaner air/fuel mixture 
is located closest to the spark-plug. This is thought to be due, in part, to the hydrogen 
injector being located diametrically opposite the spark-plug in the head of the engine on 
the other side of the combustion chamber. The early direct injection of hydrogen can 
be commenced as early as 170 ° ATDC (46 °CA before the inlet valve closed) without 
11.1 CONCLUSIONS 215 
adversely affecting the volumetric efficiency of the engine. Even with such an early start 
of injection, the early direct injection system was found to still form a stratified charge 
indicating that the Ricardo E6 engine has low levels of bulk mixture motion. 
The most effective method for introducing supplementary hydrogen in the Ricardo 
E6 engine, of those investigated, is early direct injection via the modified spark-plug 
injection system. The more pronounced effect of the modified spark-plug injection sys-
tem, for a given level of hydrogen supplementation, is thought to be due to an easily 
ignitable hydrogen/air mixture in the vicinity of the spark-plug at the time of ignition. 
The higher flame speed of hydrogen is thought to be responsible for greatly reducing 
the 0-2% mtb duration forming a rapidly propagating flame kernel which in turn reduces 
cyclic variability of the combustion process as a whole. The effect of hydrogen addition 
was most significant on lean air/fuel mixtures where a given REF level had an increas-
ingly beneficial effect on both the 0-2% mfb duration and the COV TMEPg as the mixture 
was made leaner. Using the modified spark-plug injection system the addition of 5% 
REF to mixtures leaner than A ~ 1.5 resulted in a dramatic improvement in all aspects 
of combustion, engine performance and emissions. The utilization of REF's greater than 
5% with the modified spark-plug system resulted in only a very slight further improve-
ment in combustion, engine performance and emissions. Varying the injection timing 
employed with the modified spark-plug system offers the potential for only very small 
improvements in combustion, engine performance and emissions. 
The Ricardo E6 was operated un-throttled over a range of values of air/fuel ratios 
from stoichiometric to very lean utilizing the modified spark-plug as the optimum fuelling 
system. The ability of low levels of hydrogen supplementation to extend the equipment 
lean limit from that of a 100% methanol fuelled engine was demonstrated. The practical 
lean limit (as defined by 10% COVTMEPg), of the engine running on 100% methanol 
was found to be A ~ 1.6. Utilizing a REF of 5% resulted in the practical lean limit 
being extended to A ~ 2.1. The major benefits of the practical lean limit extension were 
the ability to maintain a high value of indicated thermal efficiency with a reduced value 
of IMEPg , low cycle-by-cycle variability and low isURC emissions. Emissions of isCO 
are only significant with air/fuel mixtures close to stoichiometric and are thus very low 
with the lean air/fuel mixtures of interest. Similarly isNOx emissions reduce with in-
creasing values of A and the corresponding reduction in peak combustion temperatures. 
As a high value of indicated thermal efficiency was shown to be able to be maintained 
in lean mixtures with increasing levels of hydrogen supplementation, the problem of a 
tradeoff between a high engine thermal efficiency and low NO:z; emissions is reduced with 
hydrogen supplementation. Increasing the level of hydrogen supplementation above 5% 
allowed the practical lean limit to be extended leaner still. 
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A simple vehicular fuelling regime was proposed whereby for a given engine speed, 
the How rate of hydrogen is set as constant. The How rate specified would be the minimum 
required to maximize thermal efficiency at a given output power level within predeter-
mined maximum levels of cyclic variability and bsURC emissions (for the specified speed). 
Operating over a range of mixture strengths (i.e. employing quality regulation where 
applicable) with this constant hydrogen flow rate would result in the leanest air/fuel 
mixtures (which benefit most from hydrogen supplementation) having the highest REF 
and the richest air/fuel mixtures (which benefit least from hydrogen supplementation) 
having the lowest REF. The supplementary hydrogen is thus used to best advantage. 
11.2 Recommendations for Future Work 
On the basis of experience gained from this research project, there are several areas in 
which further work would be appropriate. 
The method by which the rotational speed of the Ricardo E6 engine is controlled 
could be improved. During testing the speed drifted by up to 12 rpm from the desired 
setting of 1500 rpm. This had a measurable effect on both the amount of air being 
induced into the engine and the amount of fuel being injected. Improved control over 
engine speed would allow the air/fuel ratio of the injected mixture to be more precisely 
set and improve the consistency of the results. 
The combustion chamber geometry is not particularly well suited to optimal combus·-
tion. The current spark plug location, at the side of the combustion chamber, results in 
a long distance that flame must traverse. Redesign of the head to incorporate two cam-
shafts would allow the spark-plug to be positioned centrally in the head reducing the path 
the flame must traveL Thus the combustion chamber will be more representative of that 
of a modern automotive engine. Combustion will take place over a shorter crank-angle 
interval, improving the performance of the engine especially with leaner air/fuel ratios. 
The emission of aldehydes in the exhaust of a methanol fuel engine is an area of 
concern if methanol engines are to become common place. Aldehyde emissions and mea-
surement techniques were discussed in Chapter 7. As aldehyde emissions arc greatest at 
leaner air/fuel ratios, which is where it is most advantageous to operate an engine, the 
effect of hydrogen supplementation on the a.ldehyde emissions should be investigated. It 
has been suggested by Bernhardt [1977] that the addition of water to methanol has the 
effect of reducing aldehyde emissions. As the combustion of supplementary hydrogen 
forms water vapor as a product of combustion, hydrogen supplementation could result in 
reduced aldehyde emissions in addition to the beneficial effects on combustion that have 
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been observed in this thesis. 
The effect of the modified spark-plug injection arrangement on the emissions of UHC 
needs further investigation. Despite an increase in the crevice volume of the engine re-
sulting from modifications to the spark-plug and the hypodermic tube, the level of UHC 
emissions were not observed to be increased over that of the other fuelling systems. Test-
ing with and without the modified spark-plug in the engine as well as varying the internal 
volume of the arrangement will result in the effect of the modified spark-plug arrange-
ment on UHC emissions to be evaluated. It is anticipated that the effect of the modified 
spark-plug arrangement to be greatest at near-stoichiometric air/fuel ratios where en-
gine crevice volumes are a major source of UHC emissions. At leaner air/fuel ratios, wall 
quenching effects become the dominant source of UHC emissions. 
As it has been demonstrated that the effective lean limit of the Ricardo E6 engine 
can be extended by the use of hydrogen supplementation, an investigation into the po-
tential increase in useful compression ratio that can be employed with leaner air/fuel 
ratios should be undertaken. It is expected that the compression ratio should be able 
to be raised at leaner air/fuel ratios from the value of 10:1 that was used for this work 
resulting in an increase in the thermal efficiency that can be obtained from the engine. 
The effect of engine speed on the optimal level of hydrogen supplementation needs to be 
evaluated as increasing engine speed will result in less time for the combustion process 
to occur. Hence at leaner air/fuel ratios increased hydrogen supplementation is likely to 
be required as the engine speed is increased. 
An investigation into various physical embodiments of the injection through the 
spark-plug concept, to provide improved control over the hydrogen/air mixture in the 
vicinity of the spark-plug could be undertaken. This would include an investigation into 
varying the injection pressure when using a modified spark-plug system to inject early 
in the compression stroke. Implicit in this investigation would be comparing the effects 
of the degree of stratification that can be achieved, by varying the injection pressure, on 
the various mass fraction burned durations. The effect of the size and shape of the recess 
where the spark-plug is currently positioned should be investigated in particular with a 
view to possible application in a combustion chamber design with increased turbulent 
mixture motion. 
Considerable scope also exists for extending the findings of this more fundamen-
tal evaluation by application on a commercial multi-cylinder engine. The effects of a 
more turbulent combustion chamber design on the formation of the stratified charge, in 
particular the hydrogen/air mixture in the vicinity of the spark-plug, will need to be in-
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vestigated along with r.he effects of engine speed. Opt;imizaLion of inlet. air heating levels 
over the range of speeds and loads would improve the engine performance when fuelled 
with methanol as t.he main fueL 
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Appendix B 
Fuel Properties and Engine Specification 
B.1 Fuel Properties 
The following values are generally accepted values from the literature. The sources of 
the values given are McCarty et al. [1981] , EMA [1982] , Lewis and Von Elbe [1987] , 
Unich et al. [1993] , Das and Mathur [1993]. 
Gasoline Methanol Hydrogen 
Molecular weight 107 32.04 2.016 
Heat of combustion (low) (MJ kg-I) 42 - 44 19.7 120 
Density (kg/litre) 0.72 - 0.78 0.79 N/A 
Octane number 91 - 98 112 -
Latent heat of vaporization (kJ /kg) 330 - 400 1100 N/A 
Boiling point (0C) 30 - 225 78 -253 
Reid vapor pressure @ 100 °F(psi) 9 - 13 4.6 N/A 
Specific energy, LCV / AFstoich (MJ /kgoir ) 2.92 3.08 3.49 
Table B.1 Thermodynamic Properties of Various Fuels 
Gasoline Methanol Hydrogen 
Limits of Flammability in air (vol%) 1.0 - 7.6 7.3 - 36 4.0 - 75.0 
Stoichiometric composition in air (kg/kg) 14.5 - 14.7 6.4 34 
Autoignition temperature (K) 501 - 744 867 858 
Flame temperature in air (K) 2470 2045 
Burning Velocity in NPT air (cm s-l) 37 - 43 44 - 46 265 - 325 
Quenching gap in NPT air (cm) 0.2 0.064 
Table B.2 Combustion Properties of Various Fuels 
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Ricardo E6/Mk6 Variable Compression Engine Specification 
Number 
N umber of Cylinders 
Bore 
Stroke 
Connecting Rod Length 
Swept Volume 
Compression Ratio 
Valve Timing 
Gasoline Pump 
Spark Plug 
Inlet Opens 
Inlet Closes 
Exhaust Opens 
Exhaust Closes 
Bosch 
NGK 
138/82 
1 
76.2 
III 
241 
507 
4.5:1 20:1 
8 
36 
42 
8 
0580646008 
BPR6ES 
Table B.3 Ricardo E6/Mk6 Variable Compression 
mm 
mm 
mm 
cm3 
°BTDC 
°ABDC 
°BBDC 
°ATDC 
12 Volt 
0.7 mm gap 
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RI~RCO 
Figure B.1 Cross Sectional Arrangement of a Ricardo E6 Variable Compression Research Engine 
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RIQ1R[X) 
B. 2 Longitudinal Sectional Arrangement. of a Ricardo E6 Variable liOmr)l<ellSIC)ll Research En~ 
Appendix C 
Data Acquisition Hardware 
The Ricardo Data Acquisition System consists of the pieces of hardware that are listed 
below along with their relevant specifications . 
• Advantech PCL 818HG High Performance DAS Card 
100kHz max sampling rate 
digital inputs 
digital outputs 
16 single ended analogue inputs 
8 differential analogue inputs 
fifo buffer 
411 Advantech PCLD 889 Multiplexing Card 
8 input channels 
CJC compensation circuit 
411 PCLD 8115D Wiring Terminal Board 
.. Cussons Charge Amplifier 
<IJ Hewlett Packard 54601 A Oscilloscope 
100MHz 
4 channel 
(II 486 DX66 Computer 
8 MB RAM 
II> Color Monitor 

Appendix D 
Data Acquisition and Processing Programs 
All software used for data acquisition, post-processing and combustion analysis in this 
investigation was written in the Borland C++ programming language. All software rou-
tines are contained in the project file RICARDO.PRJ. The files contained in the project 
file are listed below. 
QII MENU.C 
II ANALYSE.C 
QII FOURSTR1.C 
411 FIF0118.C 
411 MASSFRAC.C 
II CALIBRAT.C 
• CALDATA.C 
• CALTRANS.C 
QII QUIT.C 
• CONVERT.C 
• STEADY.C 
• DATA.C 
QII VOLUME.C 
QII FUNCTION.C 
QII 3DGRAPH.C 
QII IMEP.C 
QII 818HCL.LIB 
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In addition to this, the header file RICARDO.H must be located in the current di~ 
rectory (i.e, with the rest of the *,C files), 
The program RICARDO,C is driven by a series of menus which lead the user to the 
subroutine they require. Although there were many subroutines written, there are only 
three that were used extensively in this research. The purpose of the other subroutines 
fall under one of the broad categories listed below. 
1. Menus 
2. Analysis of two stroke engine combustion pressure traces 
3. Analysis routines written but not incorporated into the main analysis subroutine 
(for example simplified heat release analysis subroutines) 
4. Calibration subroutines 
The three main subroutines used in the acquisition and analysis of combustion pres-
sure data will be briefly described below. For more in depth information on data ac-
quisition and post-processing procedure used refer to Chapter 5, Data Acquisition and 
Post-Processing. 
Dol FIFOll8.C 
This routine was written to acquire high frequency combustion chamber pressure data 
during engine testing. Acquisition of a piece of data is triggered externally by the rising 
edge of a trigger pulse from the incremental rotary encoder. The routine is configured to 
acquire data from 350 consecutive engine cycles with an external trigger pulse frequency 
of 1800 pulses per engine revolution. The raw data is saved in binary form to a RAM 
drive before being saved to the hard drive after the 350 cycles have been acquired. All 
the relevant steady state engine temperatures are also sampled and saved to a file for 
later reference. 
D.2 FOURSTR1.C 
This routine was written to completely analyze the raw binary combustion data and cre-
ate output files summarizing the results. A series of output files are produced containing 
the results of the analysis along with relevant statistical data, 
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D.3 .C 
This routine was written to acquire t.he piezo-electric pressure transducer calibration data 
and convert the raw data to a voltage before saving t.o a file. The voltage data was later 
manually analyzed to determine the calibration constant for use in the post-processing 
software. 

Appendix 
Engine Performance Data Analysis 
E.l Methanol Consumption 
rhMeOH (kg/sec) VMeOH (l/hr) x SG MeOH (kg/l) 3600 (sec/hr) 
where SGM eO H 0.793 (kg/l) 
E.2 Hydrogen Consumption 
1) 
slpm N2 x TBE conversion factor x density of H2 @ NPT (kg/m/3 ) 
1000 (l/m3 ) x 60 (sec/min) (E.2) 
where TEE conversion factor 1.03 
of at 101.325 Pa and 20°C 0.083764 kg/m3 
E.3 Hydrogen Energy Fraction 
A convenient way to express the amount of hydrogen substitution is by the r.""f'",,,r 
of the total energy that is contributed by hydrogen, denoted the Hydrogen 
Fraction [MacDonald 1976] , [Rauckis and McLean 1979]. 
HEF(%) H2 X 100 
total fuel energy (E.3) 
HEF(%) film x LCVH2 x 100 
inMeOH x LC1I,'VleOH + 'rilH2 x LCVH2 
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E.4 Volumetric Air Flowrate 
From the Alcock Viscous Flow Air Meter No. 1092V operating instructions, p9: 
VaiT (m3 / sec) = 7.7 x 10-.5 x manometer reading (mm H 2 0) x temp. correction factor (E.5) 
E.5 Air Mass Flowrate 
where Rair 
. Patm (Pa) x Vair (m3 / sec) 
mair (kg/sec) = Rair (J/kg K) x Tair (K) 
specific gas constant of air 
287 J/kg K 
E.6 Volumetric Efficiency 
From the basic definition given in Heywood [1988] p54: 
. 3 (o/c) _ 2. (rev/cycle) X Vair (m /sec) 
T)" a - Vd (m3 ) X N (rev/sec) 
E.7 Relative Air/Fuel Ratio, A 
For a single fuel, ).. is defined as: 
\ _ "'nair 
/\ - . A 
mJuel x (Fstoich) 
For an air/fuel mixture comprising of two fuels [Finegold 1978]: 
).. = '(nair 
['ThMeOH X (~)sloichMeOH] + ['ThH2 X (Mstoichln] 
(E.6) 
(E.7) 
(E.8) 
(E.g) 
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E,8 Brake Power 
From the Ricardo E6/Mk6 Variable Compression Engine Serial Number 138/82 manual, 
p12: 
P (kW) ((20.1 x No. of we'ights) - Dynamometer Scale Reading) x N (rps) 348.1 
E,9 Corrected Brake Power 
(E.1O) 
All brake power readings are corrected [Bosch 1986] to account for test conditions differing 
from standard conditions of 20°C and 101.325 kPa. This also provides a common basis 
for comparison of engine performance. 
E.10 
where: 
rtlTTf'.r'Prt (k W) 1013 P (kW) x (b) X 
Patm mar 
Tair (K) 
273 
Indicated Power 
Pi (kW) IMEPg(bar) x 100 x Vd(l) x N(rev/sec) 
nR x 1000 
nR 1 for two stroke cycles 
2 for four sh'oke cycles 
11 Gross Indicated Thermal Efficiency 
Pi (kW) 
1Jilh = Total Fuel Ene1'gy (kW) 
(E.ll) 
(E.12) 
(E.13) 
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E.12 Mechanical Efficiency 
From Heywood [19881 page 49: 
Pco(,f'ected [kW] 
"1m = Pi [kW] (E.14) 
Appendix F 
Calculation of Specific Emissions 
Specific engine emissions relate the level of exhaust gas emissions to the power output of 
the engine. For the purposes of this work, raw engine emissions were converted to specific 
emissions using the method presented by Coates and Lassanske [1990]. The equations 
used are summarized below. 
F.1 Converting Dry Concentration Data into Wet Terms 
All the exhaust gas samples pass through water traps before reaching the emissions 
analyzers. In the case of the NO x meter, the exhaust gas sample also passes through a 
refrigerator unit to condense out any remaining water. The emissions readings must be 
converted from dry values to wet values before being used in the analysis. 
where: 
f{ 
and 
I]w f{ x []eI 
1 
O.5y[CO]d(%) x ([CO]d(%) + [C0 2 ]d(%)) 
[CO]d(%) + 3[C0 2 ]eI(%) 
(F.l) 
(F.2) 
(F.3) 
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F.2 Conversion to 
'f'nUHC (glhT) 
mco (glll1') 
mC02 (glhT) 
where: 
(g I h1') 
[TC] 
KH 
h 
Mc 
MJi 
Meo 
MC02 
j\;[NOx 
y 
F.3 Calculation of 
APPENDIX F CALCULATION OF SPECIFIC EMISSIONS 
Emission Units 
'ThInel (g I h1') 
x [UHC]w(ppmC) x [TC] 
[CO],.,(%) x rhjnel(gl hT) x Meo 
[TC] Me+yMH 
[C02]w(%) x 'rh fuel(glh1') x 1\;le02 
[TC] Mc+yMJi 
[NO'" ("') KH mjuel(glh1') MNox x ,vJw ppm x x [TC] x 1\;lc + yMJi 
[C02]w(%) + [CO]w(%) + 10-4 x [UHC]w(ppmC) 
1 
62L97pw 
P Pw 
l2.011 
1.008 
28.010 
44,009 
46,005 
Number of hydTOgen atoms in fuel molecule 
4 fOT methanol 
Indicated Power 
(FA) 
(F.5) 
(F.G) 
(F.7) 
Pi (kW) IMEPg (bm") x 100 x Vd(l) X N(rps) 
nR x 1000 
(F.8) 
where: 
nR 1 fOT hlJo stToke cycles 
2 fOT fauT stroke cycles 
FA CALCULATION OF INDICATED SPECIFIC (IS) EMISSIONS 
F.4 Calculation of Indicated Specific (is) Emissions 
isU He (g/kW.h) 'Theme (g/h1') 
Pi (kW) 
245 
(F,9) 

Appendix G 
Combustion Stoichiometry 
During the analysis of the emissions produced by the engine, it was thought that knowl-
edge of the level of emissions produced by the ideal combustion of methanol/hydrogen 
mixtures would be of benefit. The ideal emission levels were compared to the actual 
engine emission levels to help elucidate the effects of hydrogen addition. The overall 
complete combustion equation for a dual fuel mixture of methanol and hydrogen was 
derived. An equation has previously been presented by Kyaw [1989]. Kyaw's analysis is 
accurate for the addition of small mass fractions «2%1) of hydrogen to methanol but 
becomes inaccurate as the mass fraction of hydrogen is increased. The equation that 
was derived during this investigation is accurate for a mixture containing any fraction of 
hydrogen (i.e. from 0% to 100% hydrogen substitution). In deriving this equation the 
molar masses of methanol and hydrogen were assumed to be 32 and 2 respectively2. The 
number of moles of hydrogen being reacted was multiplied by 16 so that the molecular 
masses of the two reacting fuels were made to be equal. This allowed the fraction of 
hydrogen to be expressed as a mass fraction (f) and thus be able to be related to the 
hydrogen energy fraction (REF) which has been used as the measure of hydrogen sup-
plementation throughout this work. 
The equation derived is: 
(1 - f) CH30H + 1.5 (1 - f) A O2 + 1.5 (1 - f) A 3.773 N2 + 16 f H2+ (G.1) 
8 f A O2 + 3.773 A 8 f N2 ---) aC02 + bH20 + C02 + dN2 
[This equates to a hydrogen energy fraction of approximately 11% 
2It was later calculated that using the correct molar masses of 32.04 and 2.015 for methanol and 
hydrogen respectively resulted in differences in the calculated exhaust gas pollutant levels of less than 
0.3%. 
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